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A B S T R A C T
The largest habitat on Earth, the abyssal oceans below 3500 m depth, is commonly assumed to represent a
continuous environment due to homogeneity of environmental factors and the lack of physical barriers. Yet, the
presence of bathymetric features, such as Mid-Ocean Ridges, and hadal trenches provide a discontinuation.
During the Vema-TRANSIT expedition in 2014/2015 to the tropical North Atlantic, a transatlantic transect was
studied following the full extent of the Vema Fracture Zone in an east-west direction and including the Puerto
Rico Trench (PRT).
The aim of this study was to test whether large bathymetric features represent barriers to dispersal and may
lead to diﬀerentiation and eventually speciation. In this study, these potential barriers included the Mid-Atlantic
Ridge (MAR) and the transition (~ 3000 m) from the hadal PRT to the adjacent abyss. Genetic diﬀerentiation
and diﬀerences in community structure (species composition) from east and west of the MAR, as well as abyssal
and hadal depth zones were tested for using the poor dispersers Macrostylidae (Crustacea, Isopoda) as a model
Distribution patterns showed that certain macrostylid species have ranges extending more than 2000 km, in
some cases across oceanic ridges and trench-abyss transitions. Contrastingly, there was a clear signal for geo-
graphic population structure coinciding with the east-west division of the Atlantic by the MAR as well as with the
abyss-hadal zonation. These results support the hypotheses that depth gradients as well as oceanic ridges reduce
dispersal even though barriers may not be absolute. Additionally, positive correlation between genetic- and
geographic distances showed that the vast size of the deep sea itself is a factor responsible for creating diversity.
1. Introduction
1.1. The abyss and the hadal zone
Abyssal plains form the largest habitat on Earth and are seemingly
continuous (Ramirez-Llodra et al., 2010), covering depths between
3500 m and 6500 m. Bathyal features, such as mid-ocean ridges (MOR),
subdivide the abyss into basins (Watling et al., 2013). Fracture zones
provide gaps amongst these ridges which form channels connecting
basins across the ridges.
The hadal zone, predominantly comprised of oceanic trenches,
covers only 0.24% of the Earth's surface and lies beneath the abyss.
Extending from 6501 m to almost 11,000 m depth, the hadal accounts
for 41% of the total depth range (Jamieson, 2015). Trenches form
where oceanic crust is subducted under continental crust. As opposed to
the (semi-) continuous abyss, most trenches have island character,
being separated from one another by abyssal areas of often thousands of
kilometres (Jamieson, 2015; Watling et al., 2013). Trench topography
is asymmetric and the typical V-shape is dominated by a steep landward
slope and a rather gradual seaward slope. Along these slopes, pockets
and terraces are subjected to sediment accumulation which also char-
acterizes the deep trench basins. Besides this general V-shape, a com-
plex topography of the slopes (especially landward) results in high
variability in sediment deposition and considerable proportions of
rocky seaﬂoor. Together, rocky outcrops and sediment pockets provide
a greater variety of substrata than typically available in the abyss
(Jamieson, 2015).
1.2. Abyssal and hadal fauna
The abyssal fauna is comprised of specialized groups of organisms,
many of which are endemic to this depth zone (e.g., Brandt et al.,
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2007c; Hessler et al., 1979; Riehl et al., 2014b; Wilson, 1999). Abyssal
communities have are considered highly diverse when compared to
shallow-water environments (Hessler and Sanders, 1967; McClain and
Schlacher, 2015; Sanders, 1968). In case of some abyssal species (at
least in some mollusks), wider distributions have been observed when
compared to congeners from the bathyal and shallow waters (Eilertsen
and Malaquias, 2015; Etter et al., 2011; Zardus et al., 2006).
While abyssal basins are supposedly interconnected, thus sup-
porting wide distributions of the benthos, the hadal “islands” are iso-
lated ecosystems with largely endemic organisms that have close phy-
logenetic ties to abyssal relatives rather than to those in other trenches
(Beliaev, 1989; Jamieson, 2015; Wolﬀ, 1959).
1.3. Mechanisms explaining the evolution of abyssal and hadal diversity
Until now mechanisms that explain the evolution of the diverse
abyssal and hadal faunas remain elusive (Ramirez-Llodra et al., 2010).
Little is understood about how deep-sea taxa evolved because geo-
graphic patterns of genetic variation are poorly understood (Taylor and
Roterman, 2017); and these form the essential information for inferring
patterns of population diﬀerentiation and speciation (Zardus et al.,
2006). Based on the assumption of a continuous and homogeneous
abyss, Sanders (1968) established the stability-time hypothesis pro-
claiming that diversity and biogeographic patterns are determined by
biological interactions. One alternative approach is the temporal-mo-
saic hypothesis, stating that diversity in the deep sea is determined by
disturbance, that creates a mosaic of communities at diﬀerent stages of
succession (Rex and Etter, 2010). In general, these theories are based on
contemporaneous ecological conditions, but they do not approach the
question of the origination of the deep-sea diversity from the evolu-
tionary perspective. Another explanation for the abyssal diversity is the
Source-Sink hypothesis (Rex et al., 2005), or Slope–Abyss Source–Sink
(SASS) hypothesis (Hardy et al., 2015). It could be seen as a somewhat
extreme approach, as it rejects the potential for abyssal diversiﬁcation.
According to this hypothesis, abyssal plains are a mere sink of diversity
originating and proliferating at the continental slopes. It assumes that
larvae drift from the bathyal into the abyssal plains and settle there. As
a consequence of poor energy availability, abyssal population densities
are below a critical value to allow self-sustaining reproduction in the
abyss. Yet, while this theory was supported by mollusc data, it does not
provide a satisfying account for cases of abyssal and hadal endemism,
and it also falls short in explaining high abyssal diversities of organisms
without larval dispersal stage, such as asellote isopod crustaceans. For
these, the wide expanse of the abyssal environment has been discussed
as a potential promotor of diﬀerentiation (e.g., Wilson and Hessler,
1987), suggesting that geographic distance itself reduces gene ﬂow
across the total extend of a species’ range (Isolation by Distance
(Wright, 1943)). Comparing population-genetic data across in-
vertebrate taxa a general pattern of non-neutrality emerged (Taylor and
Roterman, 2017), suggesting that demographic instability or selective
sweeps are common phenomena in the deep sea. Population genetic
studies, however, that may provide support for one or the other hy-
pothesis of diversiﬁcation in the deep sea, are sparse and largely based
on single mitochondrial markers (Taylor and Roterman, 2017).
1.4. Dispersal barriers
Although absolute barriers may not exist in the abyss (Wilson and
Hessler, 1987), the subdivision of the abyssal landscape by geological
features into basins seems to impact the distributions of abyssal fauna
(Thistle, 2003). While apparently topographic features seem to have
hardly any eﬀect on the distribution of particularly well-dispersing
abyssal organisms, such as harpacticoids and nematodes of the meio-
fauna (Bik et al., 2010; Lins et al., in this issue; Menzel et al., 2011),
motile swimmers, such as scavenging amphipods (e.g., Havermans
et al., 2013), and molluscs with larval dispersal (Zardus et al., 2006),
they appear to shape biogeographic patterns found in others (see Brix
and Svavarsson, 2010). Topographic features thus seem to represent
dispersal barriers (Wilson and Hessler, 1987), and as such, MOR may
restrict gene ﬂow. Consequently, MOR could play a signiﬁcant role in
the evolution of abyssal organisms (Wilson and Hessler, 1987) through
allopatric speciation.
Additionally, depth-related factors may also enhance genetic dif-
ferentiation in benthic organisms (e.g., Eustace et al., 2016; Havermans
et al., 2013; Held, 2003; Jennings et al., 2013; Rex and Etter, 2010).
Because sediment plains at the bottom of trenches can be signiﬁcantly
deeper than the surrounding abyss, this depth diﬀerence may represent
means of reciprocal isolation of hadal and abyssal populations and thus
contribute to speciation processes.
Finally, the shear extend of the abyssal environment may contribute
to genetic diﬀerentiation. A decrease in gene ﬂow with increasing
distance between potential mating partners can result in isolation by
distance (Wright, 1943). Given the immense dimensions of the abyssal
zone, this model of diﬀerentiation may signiﬁcantly contribute to spe-
ciation there. While some asellote isopods, such as the Munnopsidae,
have secondarily evolved natatory adaptations (Wilson, 1989) and are
able to traverse remarkable distances (Bober et al., in this issue;
Raupach et al., 2007), a strictly benthic lifestyle of many Asellota
suggests a limited dispersal capability. Hence, it can be assumed that
adjacent pairs of populations will be more genetically similar to each
other than geographically distant populations because individuals are
less likely to disperse longer distances (Wright, 1943). The con-
sequentially limited gene ﬂow can be assumed especially for en-
dobenthic groups with low dispersal potential, such as the isopod
crustacean family Macrostylidae Hansen (1916).
1.5. Study background and research questions
During the Vema-TRANSIT (bathymetry of the Vema-Fracture Zone
and Puerto Rico TRench and Abyssal AtlaNtic BiodiverSITy study)
campaign on the RV Sonne during northern Winter 2014–2015 benthos
samples were collected at abyssal depth along an east-west transect in
the tropical North Atlantic, as well as on the landward slope and the
bottom trough of the Puerto Rico Trench (Brandt et al., in this issue;
Devey, 2015).
The study transect followed the Vema Fracture Zone (VFZ) and
crossed the Mid-Atlantic Ridge (MAR), a MOR that divides the Atlantic
Ocean from North to South along its whole extend (Fig. 1). Using
Macrostylidae as model organism, the following hypotheses were
tested: (1) The MAR represents a barrier to the dispersal of abyssal
benthic organisms leading to distinct (genetic and species) assemblages
east and west; (2) the depth diﬀerence between the hadal of the Puerto
Rico Trench and the adjacent abyss restricts dispersal; (3) genetic dif-
ferentiation and intra-family diversity increases with geographic dis-
tance. Moreover, we asked how far macrostylid species ranges extend.
2. Material and methods
2.1. Environmental setting
The Vema-TRANSIT campaign with the German RV Sonne (ex-
pedition SO237) was conducted at the Vema Fracture Zone (VFZ) in the
tropical North Atlantic, as well as the bottom and landward slope of the
Puerto Rico Trench (PRT), at the boundary between Caribbean Sea and
Atlantic Ocean (Fig. 1) (Brandt et al., in this issue; Devey, 2015).
The VFZ is one of the major oﬀsets of the MAR located near 11°N
and it is characterized by large transverse ridges paralleling the fracture
zone. It is the northernmost of a group of large transform faults which
oﬀset the MAR left-laterally in the equatorial region between Africa and
South America (Fig. 1). The trough formed by the VFZ is ﬂat and se-
diment-ﬁlled, and reaches a depth of more than 5100 m. It represents a
relatively level continuation of the abyssal zone between the East
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Atlantic Cape Verde Basin (Gambia Abyssal Plain) and the West Atlantic
Demerara Basin. The adjacent scarps of the MAR near 41°W rise ap-
proximately 3000 m above the level of the sea ﬂoor (Heezen et al.,
1964; Louden et al., 1986). Moreover, Antarctic Bottom Water is
ﬂowing through the VFZ in eastward direction, reaching velocities of
more than 30 cm/s (Morozov et al., 2015).
The Puerto Rico Trench (PRT) is located to the north-west of the
VFZ and north of Puerto Rico and the Virgin Islands. It formed where
the North American plate is subducted under the Caribbean plate which
started in the Oligocene. The PRT reaches depths of more than 8300 m
(Ten Brink et al., 2004) and it is the deepest part of the Atlantic Ocean.
Early studies on the faunal composition and sediment analyses showed
that the southern basins within the trench represent sinks for coastal
and/or terrigenous organic debris and harbor abundances and diver-
sities comparable to those at abyssal sites (George and Higgins, 1979;
Tietjen et al., 1989). Contrastingly, the hadal sediments near the
abyssal ﬂanks, where the Vema-TRANSIT samples were taken, are re-
latively oligotrophic and support only a depauperate fauna when
compared to abyssal or other hadal environments elsewhere
(Richardson et al., 1995).
2.2. Collection method
Macrofauna was collected with a camera-equipped epibenthic
sledge (Brandt et al., 2013) at six sites with altogether ten deployments
(= stations) along the VFZ and two hadal as well as one abyssal sites
with two stations respectively at the PRT (Table 1). Each gear deploy-
ment was considered a station; in order to test for diﬀerences in species
composition and p-distance distribution by region, the sampling sta-
tions were grouped into geographic regions: all stations in the eastern
VFZ are referred to as “east”, all abyssal stations in the western VFZ as
“west”, the station within the MAR transform fault is further referred to
as “VTF”, and samples from the hadal and abyss of the PRT were
grouped as “PRT”. Because the exact coordinate of capture for each
specimen cannot be inferred from the collection method, the start-trawl
positions for each deployment were used. Geographic distances were
calculated using the following formula:
Fig. 1. Bathymetric map of the central Atlantic Ocean and the eastern Caribbean Sea showing the sampling locations (sites) of the Vema-TRANSIT campaign (SO237) in the northern
winter 2014–2015. Sampling was conducted along the Vema Fracture Zone (VFZ) as well as in the hadal and bathyal of the Puerto Rico Trench (PRT). Station numbers are provided below
the site symbols. Coordinates are indicated as degrees below and right of the frame of the main map. Sampling station coordinates are provided in Table 1. Map created with QGIS-Version
2.16.1-Nødebo.
Table 1
Coordinates and depths of the sampling stations of Vema-TRANSIT at which isopods of
the family Macrostylidae Hansen (1916) were found. The coordinates provided are in the
format of decimal degrees and represent the start-trawl positions recorded in the ship's
log. The allocation to areas is also provided.
Station (SO237) Latitude [dec] Longitude [dec] Area Depth [m]
2–6 10.7296667 − 25.062 East 5520
2–7 10.71485 − 25.0535 East 5507
4–8 10.427 − 31.0733333 East 5725
4–9 10.4275 − 31.0496667 East 5733
6–7 10.3636667 − 36.9176667 East 5079
6–8 10.3775 − 36.9225 East 5127
8–4 10.7166667 − 42.6621667 VTF 5178
9–8 11.656 − 47.8998333 West 5001
11–1 12.0973333 − 50.4661667 West 5088
11–4 12.0805 − 50.469 West 5108
12–5 19.7808333 − 66.8336667 PRT 8338
12–6 19.8100167 − 66.7521667 PRT 8336
13–4 19.702 − 67.0965 PRT 8317
13–5 19.8353 − 67.0436167 PRT 8042
14–1 19.03495 − 67.1541167 PRT 4552
14–2 19.0778333 − 67.1295 PRT 4925
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Table 2
Specimen information for Macrostylidae, collected during the Vema-TRANSIT expedition with RV Sonne (SO237) that were used for genetic analyses. (18S)
FieldID Station MOTU Sex Age Repr. stage GenBank Acc # 16S GenBank Acc # 18S
VTMac017 SO237-2-7 ML08 - manca - LT909174 N/A
VTMac018 SO237-2-7 ML02 - manca - LT909175 N/A
VTMac019 SO237-2-7 ML02 - manca - LT909176 LT960401
VTMac020 SO237-2-7 ML08 F adult ovigerous LT909177 LT960405
VTMac022 SO237-2-7 ML02 - manca - LT909178 N/A
VTMac023 SO237-2-7 ML08 M Subadult LT909179 N/A
VTMac024 SO237-2-7 ML08 F adult LT909180 LT960406
VTMac025 SO237-2-7 ML08 F adult LT909181 LT960407
VTMac026 SO237-2-7 ML08 F adult LT909182 N/A
VTMac027 SO237-2-7 ML08 adult LT909183 N/A
VTMac028 SO237-2-7 ML08 F adult ovigerous LT909184 N/A
VTMac029 SO237-2-7 ML03 F subadult? LT909185 N/A
VTMac030 SO237-2-7 ML08 F adult ovigerous LT909186 N/A
VTMac031 SO237-2-7 ML08 F adult LT909187 N/A
VTMac032 SO237-2-7 ML08 F adult LT909188 LT960408
VTMac033 SO237-2-7 ML08 F adult ovigerous LT909189 LT960409
VTMac034 SO237-4-8 ML08 M Subadult LT909190 N/A
VTMac035 SO237-2-7 ML02 - manca - LT909191 N/A
VTMac036 SO237-2-7 ML08 - manca - LT909192 N/A
VTMac038 SO237-2-7 ML08 M Subadult LT909193 N/A
VTMac039 SO237-2-7 ML08 - manca - LT909194 N/A
VTMac040 SO237-2-7 ML03 F adult ovigerous LT909195 LT960404
VTMac041 SO237-2-7 ML08 - manca - LT909196 N/A
VTMac042 SO237-2-7 ML08 F adult LT909197 N/A
VTMac043 SO237-2-7 ML02 - manca - LT909198 LT960402
VTMac044 SO237-2-7 ML08 F adult LT909199 N/A
VTMac045 SO237-2-7 ML08 F adult LT909200 N/A
VTMac047 SO237-2-6 ML08 F adult LT909201 N/A
VTMac048 SO237-2-6 ML02 F adult LT909202 LT960403
VTMac049 SO237-4-9 ML08 M adult LT909203 LT960410
VTMac050 SO237-4-8 ML08 F subadult LT909204 LT960411
VTMac051 SO237-4-8 ML08 F adult LT909205 LT960412
VTMac052 SO237-4-8 ML08 M manca - LT909206 N/A
VTMac053 SO237-4-8 ML08 M adult LT909207 LT960413
VTMac054 SO237-4-8 ML08 F adult LT909208 LT960414
VTMac055 SO237-4-8 ML08 M juvenile LT909209 N/A
VTMac056 SO237-4-8 ML08 M Subadult LT909210 N/A
VTMac057 SO237-4-8 ML08 - manca - LT909211 N/A
VTMac058 SO237-4-8 ML08 F adult LT909212 N/A
VTMac059 SO237-4-8 ML08 F adult LT909213 N/A
VTMac060 SO237-4-8 ML08 - manca - LT909214 N/A
VTMac061 SO237-4-8 ML08 M Subadult LT909215 N/A
VTMac062 SO237-4-8 ML08 F adult ovigerous LT909216 N/A
VTMac063 SO237-4-8 ML08 F adult LT909217 N/A
VTMac064 SO237-4-8 ML08 M juvenile LT909218 N/A
VTMac065 SO237-4-8 ML08 F adult LT909219 N/A
VTMac066 SO237-4-8 ML08 M Subadult-adult LT909220 N/A
VTMac067 SO237-4-8 ML08 - manca? LT909221 N/A
VTMac068 SO237-4-8 ML08 M Subadult LT909222 N/A
VTMac069 SO237-4-8 ML08 F adult LT909223 LT960415
VTMac070 SO237-4-8 ML08 F adult LT909224 N/A
VTMac071 SO237-4-8 ML08 F manca - LT909225 N/A
VTMac072 SO237-4-8 ML08 M adult LT909226 N/A
VTMac073 SO237-4-8 ML08 - manca - LT909227 N/A
VTMac074 SO237-4-9 ML08 F adult LT909228 N/A
VTMac075 SO237-4-9 ML08 M adult LT909229 LT960416
VTMac076 SO237-4-9 ML08 M adult LT909230 LT960417
VTMac077 SO237-4-9 ML08 M adult LT909231 LT960418
VTMac078 SO237-4-9 ML08 M adult LT909232 LT960419
VTMac079 SO237-4-9 ML08 M Adult LT909233 N/A
VTMac080 SO237-4-9 ML08 F adult LT909234 LT960420
VTMac081 SO237-4-9 ML08 F adult LT909235 LT960421
VTMac082 SO237-4-9 ML08 F adult LT909236 LT960422
VTMac083 SO237-4-9 ML08 F adult LT909237 LT960423
VTMac084 SO237-4-9 ML08 F adult LT909238 N/A
VTMac085 SO237-4-9 ML08 F adult LT909239 N/A
VTMac086 SO237-4-9 ML08 F adult ovigerous LT909240 LT960424
VTMac087 SO237-4-9 ML08 F adult LT909241 LT960425
VTMac088 SO237-4-9 ML08 F adult LT909242 LT960426
VTMac089 SO237-4-9 ML08 M juvenile LT909243 N/A
VTMac090 SO237-4-9 ML08 F adult LT909244 N/A
VTMac091 SO237-4-9 ML08 F adult LT909245 N/A
VTMac092 SO237-4-9 ML08 M adult LT909246 LT960427
VTMac093 SO237-4-9 ML08 M adult LT909247 LT960428
(continued on next page)
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Table 2 (continued)
FieldID Station MOTU Sex Age Repr. stage GenBank Acc # 16S GenBank Acc # 18S
VTMac094 SO237-4-9 ML08 M adult LT909248 LT960429
VTMac095 SO237-4-9 ML08 M adult LT909249 N/A
VTMac096 SO237-4-9 ML08 F adult LT909250 N/A
VTMac097 SO237-4-9 ML08 - manca - LT909251 N/A
VTMac098 SO237-4-9 ML08 M juvenile LT909252 N/A
VTMac099 SO237-4-9 ML08 F adult ovigerous LT909253 N/A
VTMac100 SO237-4-9 ML08 F adult ovigerous LT909254 N/A
VTMac101 SO237-4-9 ML08 F adult LT909255 N/A
VTMac102 SO237-4-9 ML08 M manca - LT909256 N/A
VTMac103 SO237-4-9 ML08 F adult LT909257 LT960430
VTMac104 SO237-4-9 ML08 F adult LT909258 N/A
VTMac105 SO237-4-9 ML03 F adult ovigerous LT909259 N/A
VTMac106 SO237-4-8 ML08 - manca - LT909260 N/A
VTMac107 SO237-4-8 ML08 M adult LT909261 N/A
VTMac108 SO237-4-8 ML08 F adult LT909262 N/A
VTMac109 SO237-4-8 ML08 F adult ovigerous LT909263 N/A
VTMac110 SO237-4-8 ML08 F adult LT909264 LT960431
VTMac111 SO237-4-8 ML08 M adult LT909265 N/A
VTMac112 SO237-4-8 ML08 M adult LT909266 N/A
VTMac113 SO237-4-8 ML08 M adult LT909267 N/A
VTMac114 SO237-4-8 ML08 M juv LT909268 N/A
VTMac115 SO237-4-8 ML08 - manca - LT909269 N/A
VTMac116 SO237-4-9 ML08 M adult LT909270 N/A
VTMac117 SO237-4-9 ML08 F adult ovigerous LT909271 N/A
VTMac118 SO237-4-9 ML08 M manca - LT909272 N/A
VTMac119 SO237-4-9 ML08 M juvenile LT909273 N/A
VTMac120 SO237-4-8 ML08 M adult LT909274 N/A
VTMac121 SO237-4-8 ML08 F adult LT909275 N/A
VTMac122 SO237-4-8 ML08 F adult LT909276 N/A
VTMac123 SO237-4-8 ML08 F adult LT909277 N/A
VTMac125 SO237-4-8 ML08 F adult LT909278 N/A
VTMac126 SO237-4-8 ML08 F adult ovigerous LT909279 N/A
VTMac127 SO237-4-8 ML08 F adult LT909280 N/A
VTMac128 SO237-4-8 ML08 M adult LT909281 N/A
VTMac129 SO237-4-8 ML08 F adult LT909282 N/A
VTMac130 SO237-4-8 ML08 M adult LT909283 N/A
VTMac131 SO237-4-8 ML08 M adult LT909284 N/A
VTMac132 SO237-4-8 ML08 M adult LT909285 N/A
VTMac133 SO237-6-7 ML08 M adult LT909286 N/A
VTMac134 SO237-6-7 Mlpap M adult LT909287 LT960448
VTMac135 SO237-6-7 ML08 M adult LT909288 LT960432
VTMac136 SO237-6-7 ML08 M adult LT909289 LT960433
VTMac137 SO237-6-7 Mlpap M adult LT909290 LT960449
VTMac138 SO237-6-7 ML08 F adult LT909291 LT960434
VTMac139 SO237-6-7 ML08 F adult LT909292 LT960435
VTMac140 SO237-6-7 Mlpap F adult LT909293 LT960450
VTMac141 SO237-6-7 Mlpap F adult LT909294 LT960451
VTMac142 SO237-6-7 ML08 F adult LT909295 N/A
VTMac143 SO237-6-7 ML08 F adult LT909296 N/A
VTMac144 SO237-6-7 ML08 M adult LT909297 LT960436
VTMac145 SO237-6-7 Mlpap F adult LT909298 N/A
VTMac147 SO237-6-7 Mlpap F adult LT909299 LT960452
VTMac148 SO237-6-7 Mlpap F adult LT909300 LT960453
VTMac149 SO237-6-7 Mlpap M adult LT909301 N/A
VTMac150 SO237-6-7 Mlpap F adult LT909302 N/A
VTMac151 SO237-6-7 Mlpap M adult LT909303 N/A
VTMac152 SO237-6-7 ML08 F adult LT909304 N/A
VTMac153 SO237-6-7 ML08 F adult LT909305 N/A
VTMac154 SO237-6-7 ML08 F adult LT909306 N/A
VTMac155 SO237-6-7 ML08 F adult LT909307 N/A
VTMac156 SO237-6-7 Mlpap F adult LT909308 LT960454
VTMac157 SO237-6-7 Mlpap F adult LT909309 LT960455
VTMac158 SO237-6-7 ML08 M adult LT909310 N/A
VTMac159 SO237-6-8 ML08 F adult LT909311 N/A
VTMac160 SO237-6-8 ML08 M adult LT909312 N/A
VTMac161 SO237-6-8 ML08 M Subadult LT909313 N/A
VTMac162 SO237-6-8 ML08 F adult LT909314 N/A
VTMac163 SO237-6-8 ML08 F adult LT909315 N/A
VTMac164 SO237-6-8 ML08 F ovi ovigerous LT909316 N/A
VTMac165 SO237-6-8 ML08 F ovi ovigerous LT909317 LT960437
VTMac166 SO237-6-7 Mlpap F adult LT909318 N/A
VTMac167 SO237-6-7 Mlpap F adult LT909319 LT960456
VTMac168 SO237-6-7 ML08 F ovi ovigerous LT909320 LT960438
VTMac169 SO237-8-4 ML12b F adult LT909321 N/A
VTMac170 SO237-8-4 ML12b F manca - LT909322 LT960440
(continued on next page)
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Table 2 (continued)
FieldID Station MOTU Sex Age Repr. stage GenBank Acc # 16S GenBank Acc # 18S
VTMac171 SO237-8-4 ML12b F manca - LT909323 LT960441
VTMac172 SO237-8-4 ML01 M adult LT909324 N/A
VTMac173 SO237-8-4 ML01 F adult LT909325 LT960399
VTMac174 SO237-8-4 ML01 F adult LT909326 N/A
VTMac175 SO237-8-4 ML01 F ovi ovigerous LT909327 LT960400
VTMac176 SO237-8-4 ML01 F ovi ovigerous LT909328 N/A
VTMac178 SO237-8-4 ML01 F adult LT909329 N/A
VTMac179 SO237-8-4 ML01 F ovi ovigerous LT909330 N/A
VTMac180 SO237-9-8 ML13 F adult LT909331 LT960442
VTMac181 SO237-9-8 ML12 - manca - LT909332 LT960439
VTMac182 SO237-9-8 Mlpap F ovi ovigerous LT909333 LT960457
VTMac183 SO237-9-8 Mlpap F adult LT909334 LT960458
VTMac184 SO237-9-8 Mlpap F adult LT909335 LT960459
VTMac185 SO237-9-8 ML14 F adult LT909336 LT960443
VTMac186 SO237-9-8 Mlpap - manca - LT909337 LT960460
VTMac187 SO237-11-1 Mlpap M adult LT909338 N/A
VTMac188 SO237-11-1 ML22 - manca - LT909339 N/A
VTMac189 SO237-11-1 Mlpap F ovi ovigerous LT909340 N/A
VTMac190 SO237-11-1 Mlpap F adult LT909341 N/A
VTMac191 SO237-11-1 ML15 - manca - LT909342 LT960444
VTMac192 SO237-9-8 Mlpap F ovi ovigerous LT909343 N/A
VTMac194 SO237-11-4 Mlpap F ovi ovigerous LT909344 LT960461
VTMac195 SO237-9-8 ML12b F adult LT909345 N/A
VTMac196 SO237-11-4 ML13 - manca - LT909346 N/A
VTMac197 SO237-11-4 Mlpap F ovi ovigerous LT909347 N/A
VTMac198 SO237-11-4 Mlpap F ovi ovigerous LT909348 LT960462
VTMac199 SO237-11-4 ML08 - manca - LT909349 N/A
VTMac200 SO237-4-8 ML08 M adult LT909350 N/A
VTMac201 SO237-12-5 ML12 - manca - LT909351 N/A
VTMac202 SO237-12-5 ML25 - manca - LT909352 N/A
VTMac204 SO237-12-5 ML12 - manca - LT909353 N/A
VTMac205 SO237-12-5 ML25 F juvenile - LT909354 N/A
VTMac206 SO237-12-5 ML25 F adult non-ovigerous LT909355 N/A
VTMac208 SO237-13-4 ML25 M adult terminal LT909356 N/A
VTMac209 SO237-13-4 ML24 F adult non-ovigerous LT909357 N/A
VTMac210 SO237-13-4 ML25 ? juvenile - LT909358 N/A
VTMac211 SO237-12-5 ML23 M adult terminal LT909359 LT960447
VTMac212 SO237-13-4 ML25 F adult non-ovigerous LT909360 N/A
VTMac213 SO237-13-4 ML25 M adult terminal LT909361 N/A
VTMac215 SO237-13-4 ML25 M adult terminal LT909362 N/A
VTMac216 SO237-13-4 ML25 F adult ovigerous LT909363 N/A
VTMac217 SO237-13-4 ML25 F adult non-ovigerous LT909364 N/A
VTMac218 SO237-13-4 ML25 F adult ovigerous LT909365 N/A
VTMac220 SO237-13-4 ML25 M adult terminal LT909366 N/A
VTMac221 SO237-13-4 ML25 F adult non-ovigerous LT909367 N/A
VTMac223 SO237-12-5 ML22 F adult non-ovigerous LT909368 LT960446
VTMac224 SO237-13-4 ML25 M subadult - LT909369 N/A
VTMac227 SO237-12-6 ML25 F adult non-ovigerous LT909370 N/A
VTMac227 SO237-12-6 ML25 F adult non-ovigerous LT909371 N/A
VTMac228 SO237-12-6 ML25 F adult non-ovigerous LT909372 N/A
VTMac229 SO237-12-6 ML25 F adult non-ovigerous LT909373 N/A
VTMac232 SO237-12-5 ML12 - manca - LT909374 N/A
VTMac240 SO237-12-5 ML12 - manca - LT909375 N/A
VTMac243 SO237-13-4 ML25 F adult ovigerous LT909376 N/A
VTMac244 SO237-13-4 ML15b - manca - LT909377 N/A
VTMac247 SO237-13-4 ML25 F adut ovigerous LT909378 N/A
VTMac248 SO237-13-4 ML25 F adult ovigerous LT909379 N/A
VTMac249 SO237-13-4 ML25 F adult non-ovigerous LT909380 N/A
VTMac252 SO237-12-5 ML22 F adult non-ovigerous LT909381 N/A
VTMac254 SO237-12-5 ML25 F adult non-ovigerous LT909382 N/A
VTMac255 SO237-13-5 ML25 F adult non-ovigerous LT909383 N/A
VTMac260 SO237-12-5 ML12 F adult non-ovigerous LT909384 N/A
VTMac262 SO237-12-5 ML25 - manca - LT909385 N/A
VTMac263 SO237-12-5 ML25 M juvenile LT909386 N/A
VTMac270 SO237-12-5 ML25 F adult non-ovigerous LT909387 N/A
VTMac275 SO237-12-5 ML25 M adult terminal LT909388 N/A
VTMac276 SO237-12-5 ML25 M juvenile - LT909389 N/A
VTMac277 SO237-12-5 ML25 M juvenile - LT909390 N/A
VTMac287 SO237-12-6 ML25 F adult non-ovigerous LT909391 N/A
VTMac300 SO237-13-4 ML25 F adult non-ovigerous LT909392 N/A
VTMac318 SO237-14-2 ML16 F LT909393 LT960445
VTMac321 SO237-14-2 ML16 F LT909394 N/A
VTMac322 SO237-14-2 ML16 F LT909395 N/A
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where Lat1/Lon1 and Lat2/Lon2 stand for the start and end point co-
ordinates (latitude and longitude) and 6367.45 km represents the ap-
proximate Earth radius in kilometres. This formula is approximating the
distances, assuming absence of bathymetric features and a spherical
shape of the planet (Electronic supplement 1). It is thus providing
conservative values that may underestimate true distances. The dataset
including detailed sampling information was published in the Mendeley
repository (Riehl et al., 2017).
2.3. Study organism
Amongst the deep-sea isopods, the cosmopolitan (Riehl and Brandt,
2010) and monogeneric family Macrostylidae Hansen, 1916 with the
only genusMacrostylis Sars, 1864, has been identiﬁed as one of the most
abundant genera at several abyssal sites (De Smet et al., 2017; Elsner
et al., 2015; Meyer-Löbbecke et al., 2014; Wilson, 2008). The species
belonging to this genus have a highly derived (in comparison to related
families) but, at the same time, strongly conserved morphology within
the group (Riehl et al., 2014b), which has been interpreted as adapta-
tion to an infaunal lifestyle (Hessler and Strömberg, 1989; Thistle and
Wilson, 1987; Wägele, 1989).
2.4. Sample processing
The samples were processed according to the methods described by
Riehl et al. (2014a) summed up here: once back on deck, the EBS cod
ends were separated and their content sieved (300 µm) as well as ﬁxed
in a cool room at 4 °C using chilled and ﬁltered sea water and chilled
(− 20 °C) 96% ethanol. When containing additional sediment, the EBS
nets were emptied on deck and the samples were washed into tubs
using ﬁltered sea water. The samples were then elutriated using the
same ﬁltered sea water and sieved (300 µm) on deck. For bulk ﬁxation,
chilled (− 20 °C) ethanol was used in a sample/ethanol ratio of ap-
proximately 1/5. Samples were stored at − 20 °C and gently rolled
every 3–4 h for one day to ensure proper penetration of the ethanol into
the water-soaked sediment. Subsequently, isopods as well as all other
taxa were picked out and systematically sorted using stereo micro-
scopes on board (20–200 × magniﬁcation).
Specimens were identiﬁed as members of Macrostylidae based on
morphological synapomorphies: cephalothorax with dorsolateral ar-
ticulations of antennulae and antennae, tagmatisation with presence of
fossosoma, third pereopod with dorsolateral orientation and extended
ischial lobe (Riehl et al., 2014b). Thereafter, macrostylid specimens
were individually separated, received individual IDs, and were photo-
graphed as vouchers as described by Riehl et al. (2016). Finally, up to
three pereopods (walking legs) per specimen were dissected for DNA
extraction and transferred into extraction buﬀer (LGC). At all times, the
specimens were kept on ice to prevent DNA degradation. The tissue
samples were stored at − 20 °C and shipped on dry ice. Laboratory
protocols for extraction, ampliﬁcation, and sequencing followed Riehl
et al. (2014a) to amplify fragments of the mitochondrial 16S rDNA gene
as well as the complete nuclear 18S rDNA gene.
Generally two–three posterior pereopods were dissected from one
side of the specimen and transferred into LGC PN or PVP lysis buﬀer
and stored frozen until lysis at the LGC labs in Berlin, Germany. At LGC,
total DNA extraction was performed using the default protocol for the
sbx forensic kit. For PCR a mix of Mytaq Bioline polymerase and 5x
Biostab PCR Optimizer Sigma-Aldrich was used. The mitochondrial 16S
rDNA was ampliﬁed using the primer set 16S-SF and 16S-SR (Riehl
et al., 2014a; Tsang et al., 2009). Cycle sequencing consisted of the
following circles: 95 °C initial denaturation for 10 min; then 95 °C for
30 s, 48 °C for 30 s, 72 °C for 45 s repeated 36 times; ﬁnal elongation
was performed at 72 °C for 5 min.
Finally, for amplifying the whole nuclear 18S ribosomal DNA (SSU),
three primer pairs were used (Dreyer and Wägele, 2001): 18A1 and
700R, 400 F and 1155R, as well as 1000 and 1800. Three overlapping
contigs were generated in three diﬀerent PCRs using the following cy-
cling conditions: after an initial denaturation of 10 min at 95 °C, 36
cycles consisted of 94 °C (30 s), 54 °C (45 s), 72 °C (200 s), followed by
a ﬁnal elongation of 10 min at 72 °C.
All PCR products were cleaned up using Aﬀymetrix™ ExoSAP-IT™
following the manufacturer's protocol in order to eliminate unin-
corporated primers and dNTPs. Sequencing was performed on an ABI
3730XL sequencer.
2.5. Sequence clean-up and alignment
After sanger sequencing, *.ab1 ﬁles of forward and reverse reads
were imported into Geneious 9.1 (Kearse et al., 2012) and contigs were
assembled using the De Novo Assemble function. All assemblies were
checked for ambiguities and the BLAST (Johnson et al., 2008; McGinnis
and Madden, 2004) algorithm on NCBI GenBank (Benson et al., 2008)
was used to check for contamination. Because for only a small subset of
the samples 18S could be successfully ampliﬁed and sequenced, most
analyses were focussed on the 16S dataset, for which sequences could
be generated from>80% of the specimens (Table 2). To test for the
potential pitfalls of mitochondrial markers (e.g., mt polymorphism,
incomplete lineage sorting, introgression), 18S signal was compared to
16 S data in the population genetic study (see below). Primer regions
and low-quality ends of the reads were trimmed. The consensus se-
quences of the assemblies were aligned using MAFFT 7 (Katoh et al.,
2009, 2002; Katoh and Standley, 2013) as implemented in Geneious
(Algorithm: E-INS-i; scoring matrix: 200PAM/k = 2; gap opening
penalty: 1.53; oﬀset value: 0.123). Several alignments were produced
using the same method but diﬀerent compositions of sequences: for the
phylogeny-based species delimitation, additional 16S sequences of
macrostylids and outgroup taxa were used in addition to all sequences
retrieved in this study (Electronic supplement 2). These were retrieved
from GenBank (Benson et al., 2008) and originate from previous studies
in Macrostylidae and other closely related (Raupach et al., 2009;
Wägele, 1989) Janiroidea of the families Desmosomatidae as well as
Munnopsidae (Brix et al., 2015, 2014; Riehl and Brandt, 2013; Riehl
and Kaiser, 2012). For the distance-based methods described below, the
multiple sequence alignment included only the Vema-TRANSIT mac-
rostylids. For population genetic analyses, alignments of each separate
species were constructed.
2.6. Geographic patterns of genetic diﬀerentiation
2.6.1. Intra-family diversity pattern
The relationship between geographic distance (distance in km be-
tween sampling stations) and genetic diﬀerentiation (uncorrected p-
distances) was examined based on the alignment composed of all se-
quenced Vema-TRANSIT macrostylids. A p-distance matrix based on
this alignment was created using MEGA6 (Tamura et al., 2013).
Thereupon, scatter plots, as well as Mantel tests were performed be-
tween the p-matrix and the geographic distance matrix. Analyses were
conducted using the software PRIMER v6 (Anderson et al., 2008).
Based on the multivariate p-distance matrix (non-transformed),
diﬀerences between areas (east, west, PRT, and VTF) were tested for
using non-parametric permutational ANOVA (PERMANOVA) with the
software PERMANOVA + for Primer (Anderson et al., 2008). The main
diﬀerences were veriﬁed using a 1-ﬁxed factor design (area) with 9999
permutations followed by pairwise pseudo t-tests to test for diﬀerences
T. Riehl et al. Deep-Sea Research Part II 148 (2018) 74–90
80
between each pair (see also Electronic supplement 3).
2.6.2. Species distribution patterns
2.6.2.1. Species delimitation. The question of genetic diﬀerentiation can
only be answered on the level of species and populations. For
partitioning the family dataset into species, molecular operational
taxonomic units (MOTU's) were deﬁned using the Poisson tree
processes (PTP) model. This approach infers putative species
boundaries on a given phylogenetic input tree. As a ﬁrst step, the
evolutionary history of Macrostylidae was inferred based on 16S rDNA.
For reconstruction of phylogenetic relationships, the more
comprehensive alignment was used. A maximum likelihood (ML)
approach to reconstruction of phylogeny was applied using the fast
likelihood search in PHYML online with an automatic model choice
(Guindon et al., 2005). During this analysis, conﬁdence limits were
evaluated using the non-parametric bootstrap method (Felsenstein,
1985) and 1000 replicates. The consensus tree was then used as input
for the species delimitation, as well as for interpreting the results
generated by subsequently mentioned analyses based on p-distances
and species. The PTP method (Zhang et al., 2013) was applied for
delimitation of molecular operational taxonomic units (MOTUs; in the
further course of this paper also referred to as species) using the web
server and the method based on maximum likelihood (http://
www.exelixis-lab.org/software.html). The composition and
characteristics of the species were explored using the Species
Delimitation tool implemented in Geneious (Masters et al., 2011) as
well as MEGA6 (Tamura et al., 2013).
2.6.2.2. Analyses of species distribution. Bray-Curtis resemblance
matrices were calculated for the species (non-transformed) and
diﬀerences between areas and depth zones were tested for using the
same design as described above for the p-distances. The area VTF had to
be excluded from this analysis due to the lack of replicates. PERMDISP
routines were performed after the PERMANOVA results to test for
homogeneity of multivariate dispersions between areas. Values were
considered signiﬁcant when p<0.05. When the number of
permutations was lower than hundred, then the p value of Monte
Carlo (p (MC)) was used. CAP (Canonical Analysis of Principal
Coordinates) routines were conducted to characterise the signiﬁcant
diﬀerences obtained from the PERMANOVA results for both p-distance
matrix and species.
Based on the MOTU presence/absence data per sampled area,
SIMPER (percentage of (dis)similarity) routines (Clarke and Gorley,
2006) were performed to identify which species contributed the most to
the dissimilarities between each pair of areas.
2.6.3. Population-genetic analyses
While the previous analyses focussed on diﬀerentiation patterns
within the family as a whole looking for eﬀects of geographic distance
and areas on Macrostylidae composition in general, patterns of diﬀer-
entiation that may lead to speciation have to be looked for within
species. Four species were available in suﬃcient specimen numbers (N
= 25–126), geographic range, and genetic diversity to allow for po-
pulation-genetic test: MLpap, ML08, ML12, and ML25.
2.6.3.1. Haplotype networks. To take into account that population
genealogies are often multifurcated, a networking approach was
followed to analyse and illustrate population diﬀerentiation within
each species. The free, open source population genetics software
PopART (Population Analysis with Reticulate Trees) was employed
(Leigh and Bryant, 2015). PopART was used to construct intraspeciﬁc
gene genealogies (Posada and Crandall, 2001) and to draw TCS
networks (Clement et al., 2000) for graphical illustration of haplotype
distribution per station and region.
2.6.3.2. Population diﬀerentiation across stations and barriers. Using
PopART, analysis of molecular variance (AMOVA; Excoﬃer et al.,
1992) was performed to test hypotheses of between- and within-group
diﬀerences at several hierarchical levels in a nested design: among
groups (= groups of populations of an area), among populations (=
conspeciﬁcs collected at one site), and within populations. While
testing for the eﬀects of potential barriers, all samples originating
from each side of the barrier under investigation (MAR or depth) were
treated as populations and grouped together. Testing for the eﬀect of
geographic distance, specimens were grouped according to sampling
sites. Sequences shorter than the overall alignments were not removed
because the datasets were already relatively small. Values were
considered signiﬁcant when p<0.05.
To test for demographic stability and gene neutrality, Tajima's D
statistics (Tajima, 1989) were calculated in PopART.
2.6.3.3. Isolation by distance. To test for the eﬀect of geographic
distance on genetic diﬀerentiation, the species with the largest
representation in the dataset (126 specimens = highest number of
individuals; Macrostylis sp. ML08) was used for the Isolation-By-
Distance analysis. For the latter, the Isolation-By-Distance web service
was used (Jensen et al., 2005).
3. Results
3.1. Intra-family diversity pattern
3.1.1. Alignment
In total, 16S rDNA was successfully ampliﬁed for 221 macrostylids.
The MAFFT alignment was 427 base pairs (bp) long and contained 174
(40.7%) identical and 233 parsimony informative sites. Pairwise iden-
tity equalled 87%. The ungapped mean lengths of the sequences was
403.5 bp (min. 312, max. 418, SD 16.4), and the GC content 35.7%.
3.1.2. Distribution of genetic variation along the VFZ and PRT
The Mantel test revealed a signiﬁcant positive correlation (R =
0.484, p< 0.05) for the comparison between geographical distance
and p-distance matrices. A scatterplot (Fig. 2) illustrates a stepwise
distribution of distances along the study transect: small p-distances of
up to 3% are distributed over a maximum range of ~ 2200 km; genetic
diﬀerences of up to 10% are limited to geographic ranges below ca.
2800 km, and specimens collected at stations> 3000 km apart have at
least p-distances of 10% reaching up to ~ 35%. The distribution of these
maximum values for genetic diﬀerentiation extends across the whole
geographic range covered. The distribution of the p-distances shows a
gap that is extending throughout the whole geographic range roughly
between 15% and 24%.
3.1.3. Geographic patterns of genetic diﬀerentiation
From the multivariate (incl. all Macrostylis sequences) p-distance
matrix, two PERMANOVA analyses were conducted to test if 1) the
VTF, East, West, and PRT were signiﬁcantly diﬀerent from each other,
and 2) if water depth was a signiﬁcant factor (hadal versus abyss).
Testing for diﬀerences between the areas and depth zones, all groups
diﬀered signiﬁcantly (Fig. 3). Pair-wise comparisons of all areas re-
sulted in signiﬁcant diﬀerences for all pairs, except for the pair West-
VTF (Tables S1 and S2 in Electronic supplement 3). PERMDISP results
for the p-distance matrix were signiﬁcant, indicating that part of the
diﬀerences found were due to dispersion of the multivariate data.
3.2. Species distribution patterns
3.2.1. Species delimitation
The alignment and phylogenetic results are presented in the
Electronic supplement 4. The maximum-likelihood based PTP species
delimitation resulted in 19 putative species (also referred to here as
molecular operational taxonomic units (MOTUs)) of which ﬁve
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corresponded to previously identiﬁed species for which data was
available on GenBank (see Electronic supplement 5). Only three of the
14 MOTUs collected during Vema-TRANSIT were comprised of at least
25 specimens (ML08, ML25, and MLpap), of which ML08 was by far the
most abundant (126 individuals). The other twelve MOTUs comprised
1–7 specimens (Table 2, see Electronic supplement 5).
The mean intraspeciﬁc divergence per MOTU/species varied be-
tween 0.1% p-distance in M. roaldi and 4.3% in both ML01 and ML08
(Electronic supplement 6). Absolute values started at 0% and reached
up to 8.1% in ML08 (see Electronic supplement 7). However, net be-
tween-group mean p-distances started at values as low as 5% (absolute
minimum of 4.6% between MLpap and ML08) and peaked at 35.5%
between ML24 and M. scotti (abs. max. 36.8% between ML08 and
ML16; see Electronic supplement 7).
3.2.2. Geographic and bathymetric distribution of species
The species varied considerably in their distribution (Electronic
supplement 5). The most frequently occurring and most abundant
species, ML08, occurred at all eastern stations and one western station,
and to a large extend it occurred sympatrically with the sister species
MLpap. Both were distributed across the MAR but were the only ones
with such a trans-Atlantic occurrence. Most species were restricted to
one region. Three occurred only at hadal PRT sites (ML23–25), of which
ML23 and ML24 were represented by only one specimen each. One
species occurred only at the western abyssal sites, (ML13) and ML16
solely was collected at the abyssal slope of the PRT. ML01 was collected
only at the VTF and ML02 occurred only on the eastern VFZ. All other
species occurred across the predeﬁned areas and depth zones: ML12,
ML22, and ML23 were distributed both in the abyssal western VFZ as
well as in the hadal PRT, making them the furthest distributed species
geographically. However, no species was shared between the hadal and
abyssal PRT sites despite their close geographical proximity. ML12b
occurred both in the western VFZ as well as in the VTF. Distances be-
tween ingroup and outgroup taxa varied from 33.9% (ML12) and 43.5%
(ML08) (Electronic supplements 7 and 8).
Results of the PERMANOVA test, based on the multivariate species
matrix, revealed signiﬁcant diﬀerences for the species composition per
predeﬁned area (Fig. 4A); and all pairwise comparisons were signiﬁcant
(Tables S3 and S4 in Electronic supplement 3). PERMDISP results based
on the MOTU resemblance matrix were not signiﬁcant.
The results of the SIMPER analysis based on presence/absence data
comparing the predeﬁned geographic areas revealed the West and the
PRT to have an average dissimilarity of 96.34%. Nine MOTUS from the
western abyssal sites and four in the hadal PRT contributed to this
dissimilarity. Two of these MOTUs occurred in both areas (ML12 and
ML22). Two MOTUs contributed the most to the total dissimilarity,
together 60.79%, of which MLpap occurred only in the West while
ML25 was present only in the PRT.
For the comparison between West and East, the average dissim-
ilarity was 93.13%. While two MOTUs from the west contributed, one
did so from the east. The two MOTUs that contributed the most, to-
gether 79.62%, to the total dissimilarity, were found on both sites of the
MAR. ML08 alone contributed 58.43% occurring at all eastern stations
with relatively high abundances and being present with only one spe-
cimen in the west. MLpap contributed 21.79% to the dissimilarity oc-
curring with similar average abundances in both areas (Electronic
supplement 3).
The east and PRT turned out to be most dissimilar, with 100%
dissimilarity. Overall, 55.39% of dissimilarity was caused by only one
MOTU (ML08). From the PRT and east, two and three MOTUs were
found respectively, which contributed to the dissimilarity and were
mutually exclusive. Besides the dominant MOTU ML08 that occurred at
all eastern stations while absent at the PRT, the MOTU ML25 con-
tributed 20.89% and had an average abundance of 6.2 at PRT stations.
Comparing the MOTU composition of the two depth zones abyss and
hadal, the distance-based test revealed homogeneity of multivariate
dispersions (P (perm): 0.0667; Fig. 4B).
3.3. Population-genetic analyses
3.3.1. Haplotype distribution and geographic population diﬀerentiation
Amongst all samples, four species showed a suﬃcient number of
haplotype and geographic range to be analysed on the population level
(Fig. 5). TheMacrostylis species MLpap occurred at abyssal stations both
east and west of the MAR in similar specimen numbers and thus was the
only species available for comparison between areas (east and west). It
was collected at three western stations with four haplotypes (#1–4) in
total and at one eastern station with two haplotypes (#5–6). No hap-
lotype was shared between east and west (see also Bober et al. (in this
issue)). For this species, a strong population structure was revealed with
signiﬁcant diﬀerences on all levels (between stations, sites, and areas)
respectively (Φ ST = 0.61309, p = 0.001; Φ ST = 0.72995, p = 0.001;
Φ ST = 0.76365, p = 0.001).
The species ML25 occurred in all of and only the hadal samples. The
most common haplotype (#8) occurred at all four hadal stations and
also haplotype #9 was widely distributed, occurring at three of four
hadal stations. Diﬀerences between stations or sites were not sig-
niﬁcant.
The widest distribution was found for ML08 which occurred at all of
the eastern stations as well as one western station. For this species
suﬃcient 18S sequences were available to perform analyses with both,
16S and 18S datasets. The 16S haplotype network (Fig. 5) shows clus-
tering of the sites with site SO237-2 represented by haplotypes 22–25,
site SO237-4 represented by haplotypes 14–21, and site SO237-6 is
represented by haplotypes 11–13. Only one specimen of this species
was found on the western side of the MAR (haplotype 10) which made
between-area comparison impossible. No haplotype was shared be-
tween eastern and western VFZ. Comparison between stations and sites
revealed moderate (between stations) to high (between sites) popula-
tion structure with signiﬁcant diﬀerences respectively (Φ ST = 0.43773,
p<0.001; Φ ST = 0.72995, p = 0.001). The 18S data supports the
presence of population structure between stations and sites (Φ ST =
0.2426, p<0.001; Φ ST = 0.41833, p<0.001).
Macrostylis sp. ML12 was found at one western abyssal VFZ site as
well as three of the hadal stations (four haplotypes). No haplotype was
shared between abyss and hadal depth zones. Diﬀerences between
stations, sites, or areas were insigniﬁcant.
Tajima's D statistics for the species Macrostylis ML08 and MLpap did
not provide evidence for departure from neutrality with D values of
1.06845 (p = 0.149897) and − 1.40986 (p = 0.922808) respectively
(but see also the contribution of Bober et al. (in this issue)).
3.3.2. Isolation by distance (IBD)
To test whether geographic distance has an eﬀect on the
Fig. 2. Scatter plot of p-distance and geographic-distance matrices for the Macrostylidae
(Isopoda) collected during Vema-TRANSIT in the southern North Atlantic. - Mantel test
revealed a signiﬁcant positive correlation.
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diﬀerentiation of a species, only the most widely distributed and at the
same time most abundant MOTU of the dataset (ML08) was studied.
The IBD analysis included a MANTEL test for matrix correlation be-
tween genetic distance and geographic distance (n = 7875), which
resulted in a signiﬁcant positive trend between geographic and genetic
distances (Fig. 6), explaining 14.8% (R2) of the observed genetic var-
iation (Electronic supplement 10).
4. Discussion
Complex interactions of biological, physical, and historical factors
cause variation in species range sizes (reviewed by McClain and Hardy
(2010)). The distribution of a species is ultimately shaped by a com-
bination of intrinsic and extrinsic factors. Intrinsic factors include
taxon-speciﬁc physiological adaptations and life-history strategies that
are the consequence of historical selection pressures. These determine
the ability to move between habitat patches and subsequently pro-
liferate. Extrinsic factors, however, inﬂuence taxon distribution by
providing physical barriers, for instance, to dispersal. These determine
the success of propagules during dispersal and settlement. Therefore,
the interactions between intrinsic and extrinsic factors determine spe-
cies-speciﬁc niche requirements within an environmental landscape
and regulate whether or not populations can persist (McClain and
Hardy, 2010).
In this paper, the spatial distribution of genetic variation, from fa-
mily to population level, as well as community structure of
Macrostylidae were studied across a trans-Atlantic transect. The ob-
served patterns were used to infer the eﬀects of potential physical,
depth-related barriers, as well as geographic distance on isolation and
diﬀerentiation of these isopods. Barriers were represented by the Mid-
Atlantic Ridge and the hadal-abyssal depth zonation between the
Puerto Rico Trench and the nearby Atlantic abyssal plains.
4.1. The MAR—a barrier to the dispersal of abyssal macrofauna?
Environmental factors, such as hydrographic conditions and sea-
ﬂoor topography, play an important role in limiting dispersal (McClain
and Hardy, 2010). We hypothesized that the MAR reduces dispersal of
abyssal benthic organisms leading to distinct (genetic and species) as-
semblages east and west. To test for this eﬀect, regional diﬀerences in
the distribution of haplotypes, species, p-distances, and the (macro-
stylid) community structure were studied (Figs. 3A and 4A).
The species distribution shows that most (eight out of 14) species
were restricted in their distribution to one area (east or west), while
only two species occurred on both sides of the MAR (Electronic sup-
plement 5). While the scatterplot (Fig. 2) did not reveal geographic
clusters of genetic variation on family level, neither genetic distances
(Fig. 3A) nor species (Fig. 4A) were randomly distributed across the
Atlantic. Instead, clear and signiﬁcant diﬀerences between the eastern
and western (and PRT) compositions of species were revealed sup-
porting our hypothesis.
The inferred pattern of distinctness in the distribution of genetic
variation shows that within both eastern and western groups, speci-
mens were on average more similar to each other than to those of the
other areas, despite overlap (Fig. 3A). This indicates that relatedness, in
general, was higher within the deﬁned areas. Nevertheless, the areas
PRT, West, and VTF were relatively dispersed, while the East was clo-
sely clustered. This may have been due to the majority of the eastern
specimens belonging to only two dominant species: ML08 and the
closely related MLpap, both of which had occurrences on the western
VFZ as well. Most dispersion of the data could be observed in the West
(Fig. 3A), indicating that the macrostylid fauna there was composed of
distinct rather than closely related species and lower clades (see also
Electronic supplement 5).
The latter pattern could be potentially explained by environmental
diﬀerences between the regions. The Demerara basin (Fig. 1) is under
inﬂuence of two diﬀerent water masses, the AABW and NADW, which
contribute to relatively strong bottom-water dynamics and thus greater
habitat heterogeneity, as has been depicted by the presence of ﬁne and
coarse sand in the sediments of this area (Devey et al., in this issue; Lins
et al., in this issue) thus potentially supporting a diverse macrostylid
fauna when compared to the other areas. Indications of bottom-water
dynamics, however, have also been found in the eastern stations (Devey
et al., in this issue). Moreover, the western area is geographically in
center of the transect, increasing the potential for shared species with
each of the other areas, which is exactly what was found. The macro-
stylid community structure (Fig. 4A) nevertheless fully supports sig-
niﬁcant diﬀerences between the areas and thus our hypothesis.
For smaller, meiofaunal organisms and macrofauna groups with
dispersal stages (e.g., larvae, adult swimmers) long-range dispersal
Fig. 3. Canonical analysis of principal coordinates (CAP) showing the diﬀerences between the a priori deﬁned geographical areas (A: East, West, PRT, and VTF) and depth zones (B: abyss
versus hadal) based on the multivariate p-distance matrix. All groups were signiﬁcantly diﬀerent from each other except for the pair West-VTF (Table S2 in Electronic supplement 3).
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across ridges has been shown (Bik et al., 2010; Menzel et al., 2011;
Schüller and Hutchings, 2012; Zardus et al., 2006). Our results agree
with previous ﬁndings suggesting that the predominantly benthic iso-
pods without larvae or other dispersal stages seem to be restricted in
their range by mid-ocean ridges (Bober et al., in this issue; Brix et al.,
2015, in this issue; Kaiser et al., in this issue; Schnurr et al., 2014).
4.2. Unhindered exchange between hadal and adjacent abyss or hadal
endemism?
Isopods are amongst the most diverse groups of multicellular or-
ganisms in trenches (Jamieson, 2015). According to Beliaev (1989) up
to 63% of isopod species reported from trenches may be endemic to the
hadal zone. An early study on the Puerto Rico Trench isopods suggested
that most trench species have been found only in the trough and not in
the adjacent abyss (Wolﬀ, 1975). This ﬁnding suggests that the PRT is
not an exception and some of the trench species may be endemic to this
trench. Generally, depth zonation has been found in many benthic or-
ganisms and it has been proposed that depth related barriers promote
diﬀerentiation (e.g., Jennings et al., 2013; Wilson and Hessler, 1987;
Zardus et al., 2006). Wilson and Hessler (1987) suggested that due to
strong gradients along the slope, the bathyal should be the region where
speciation is most active in the deep sea and, although gradients are less
pronounced at greater depth, this may be relevant at trench slopes as
well. Accordingly, we hypothesized that the depth diﬀerence between
the hadal and the abyss restricts dispersal and leads to hadal endemism.
In our study, three species occurred both at abyssal as well as hadal
depth (Electronic supplement 5). Interestingly, the abyssal PRT stations
had no species in common with the hadal PRT stations. Instead, the
species ML12, ML15, and ML22 occurred roughly across 2000 km dis-
tance, not even considering bathymetric features between the stations,
at hadal as well as abyssal sites of the western VFZ (Electronic sup-
plement 5). Although sample size was insuﬃcient to test for depth
diﬀerences, the lack of shared haplotypes (Fig. 5) between abyssal and
hadal indicates limited exchange, supporting our hypothesis.
As expected, then lack of shared species between abyss and hadal as
well as p-distance distribution also revealed signiﬁcant diﬀerences in
faunal (macrostylid) community structure (Figs. 3–4; Electronic sup-
plement 3). We did not sample along a depth transect in this study, but
in other crustaceans at the Kuril-Kamchatka Trench it has been shown
that assemblages gradually change with increasing depth (Kitahashi
et al., 2013) until a strong diﬀerence between abyssal and hadal com-
munities is reached at maximum depth diﬀerence. Hence, despite the
close proximity to the abyssal PRT stations, the same species would not
be expected to occur at both depths since the high pressure diﬀerence
requires adaptations (Blankenship-Williams and Levin, 2009) which
only allows specially adapted species to occur at both zones, resulting in
relatively high endemism (Beliaev, 1989). Furthermore, sediment
characteristics were diﬀerent (Devey et al., in this issue) which may be
of signiﬁcance considering the burrowing macrostylid lifestyle (Hessler
and Strömberg, 1989).
Until present, most data on depth diﬀerentiation (Etter and Rex,
1990) was published from bathyal depths, for instance on molluscs
(Etter and Rex, 1990; Jennings et al., 2013; Zardus et al., 2006) or
polychaetes (Schüller, 2010). Similarly, depth zonation seems to be
common patterns also in deep-sea crustaceans. An example of depth
zonation has been shown for the janiroid isopod family Haploniscidae,
where some species only occurred shallower than 3000 m and others
only below 3600 m (Brökeland and Raupach, 2008). Similar distribu-
tion breaks have been reported from one of the best-studied deep-sea
crustaceans, the amphipod Eurythenes gryllus sensu lato, which is a
complex of highly mobile and relatively large scavenger species. De-
spite the high motility and extreme (e.g., bipolar) distributions of some
of its clades, depth-conﬁned and oceanic-basin restricted clades have
been observed (France and Kocher, 1996; Havermans et al., 2013). Also
at hadal depths, scavenging amphipods have been found to inhabit
overlapping but, nevertheless, distinct depth zones of the Kermadec
Trench (Blankenship et al., 2006). Accordingly, depth-related barrier
eﬀects seem to be relevant across a wide range of crustacean feeding
guilds and independent from lifestyle and depth zone.
In our study, one species was particularly abundant at all hadal
stations, Macrostylis sp. ML25, and could not be found outside the
trench (Kniesz et al., in this issue). The high abundance and dominance,
in comparison to other macrostylids, may be a consequence of the ac-
cumulation of organic matter at the bottom of the trough (George and
Higgins, 1979), which is common in trenches and may favor dominance
of few species (Jamieson, 2001; Levin et al., 2001). However, the four
hadal stations reported here were located near the northern slope of the
trench, which has been characterized as rather similar to nearby abyssal
sites in carbon content and faunal abundances (Richardson et al., 1995;
Schmidt et al., in this issue; Tietjen et al., 1989). Hypothetically, ML25
may represent a trench-endemic species that has adapted to this en-
vironment, thus outcompeting others that may be new colonizers to the
trench from nearby abyssal areas, which may be the case for the species
ML12, ML15, and ML22. The ML25 haplotype network shows absence
of population structure evidence for a panmictic population in the
trough (Fig. 5C; Electronic supplement 9). We cannot ascertain that
ML25 does not appear at abyssal depth as the density of the sampling
was low. Nevertheless, the data presented here shows a clear distinction
between abyssal and hadal communities suggesting that dispersal
across the ~ 3000 m depth diﬀerence is not the rule.
Fig. 4. CAP analysis based on the Bray-Curtis resemblance matrix for the MOTUs. A, all areas (western Vema Fracture Zone (VFZ), Eastern VFZ, and Puerto Rico Trench (PRT) diﬀered
signiﬁcantly from each other. B, the depth zones abyss and hadal diﬀered signiﬁcantly and the dispersion of the data was homogeneous (P (perm): 0.0667).
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4.3. Inﬂuence of geographic distance on genetic variation
Our ﬁnal hypothesis was that genetic diﬀerentiation and intra-fa-
mily diversity increases with geographic distance. Generally, the eﬀect
of distance on genetic diﬀerentiation has not been often studied in in-
habitants of the abyss and hadal. Given the large spatial extend of the
abyssal environment as well as the likely inability of Macrostylidae to
swim, it is safe to assume that due to limited dispersal, conspeciﬁc and
potentially also congeneric individuals that are geographically close
tend to be genetically more similar than individuals that are far apart. A
previous study comparing distribution ranges of abyssal polychaetes
and isopods across a ridge-free abyssal plane showed that most isopods
have rather limited ranges (Janssen et al., 2015).
It has been stated that in the abyss high turnover does not ne-
cessarily preclude extensive geographical ranges if species are patchily
distributed within those ranges (McClain and Hardy, 2010). However,
analysing the distribution of genetic variation in relation to geographic
distance, an eﬀect of geographic diﬀerentiation could be traced
throughout the hierarchic taxonomic levels studied— from populations
(Fig. 5; Electronic supplement 9) through species (Fig. 6) across the
whole family Macrostylidae (Fig. 2).
Geographic and genetic distances were positively associated also
within the species Macrostylis sp. ML08 (Fig. 6). Yet, the interpretation
of the Isolation-By-Distance (IBD) analysis has to be done with care
because only 14.8% of the observed genetic variation could be ex-
plained by genetic distance. The distribution of the data, with widely
dispersed p-distance values between 0 km and ~ 1300 km and only few
little-dispersed points above this geographic range (Fig. 6) may have
inﬂuenced this result. Consequently, besides a contribution of distance
to the genetic diversiﬁcation of species through restriction of gene ﬂow
(Wilson and Hessler, 1987), other factors may contribute to the evo-
lution of these deep-sea benthic animals as well. For Macrostylis sp. ML
pap, Bober et al. (in this issue) could not ﬁnd any evidence for the eﬀect
of geographic distance. Nevertheless, the signal observed here for ML08
as well as relatively high population structure (Fig. 5) support our hy-
pothesis of geographic distance inﬂuencing genetic diﬀerentiation and
the eﬀect of isolation by distance.
A similar approach addressing spatial geographic variation at
abyssal sites in isopods (and polychaetes) dealt with connectivity in the
central North Paciﬁc abyssal nodule ﬁelds. This study identiﬁed geo-
graphic distance as the main factor explaining genetic variation and no
recognizable geographic clustering could be found (Janssen et al.,
2015). Geographic diﬀerentiation was reported for the isopod family
Haploniscidae as well (Brix et al., 2011). And even in comparably
Fig. 5. Haplotype networks based on 16S rDNA data from the isopod species Macrostylis sp. MLpap, M. ML08, ML12, and ML25. The samples were collected at abyssal depth in the Vema
Fracture Zone, east and west of the Mid Atlantic Ridge, as well as in the hadal Puerto Rico trench. The geographic origin is indicated by the vertical subdivision of the ﬁgure. Color-coded
blobs indicate collection stations. The blob size stands for the number of sequences per haplotype. (For interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)
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mobile (i.e., swimming) isopods, such as the Munnopsidae, geographic
clustering has been described (Raupach et al., 2007). Apparently, in
deep-sea isopods in general, geographic distance contributes to di-
versiﬁcation.
4.4. Range sizes
The supposed homogeneity of the deep-sea environment contradicts
the often reported high level of local endemism (e.g., Brandt et al.,
2007a; Ebbe et al., 2010; Smith et al., 2006). Generic and family-level
cosmopolitanism (Wilson and Hessler, 1987), however, supports this
supposition. We were interested in the ranges of macrostylid species as
well as other levels of the taxonomic hierarchy in order to evaluate and
understand spatial scales relevant for the evolution of this taxon.
On the family level, almost the whole range of genetic diversity (p-
distances) was widely spread across the total geographic range studied
and no geographic clustering became apparent (Fig. 2). The distribution
of these maximum values extends across the whole geographic range
covered above a gap in the data cloud that is parallel to the abscissa.
This discontinuation of the range of genetic variation may have various
reasons of historic and phylogenetic nature and indicates that the
macrostylids collected belong to several distantly related clades, which
is, however, not in the scope of this article. In the upper data cloud, p-
distances ranged from roughly 24% to over 35%. Despite some ﬂuc-
tuation in maximum values, a plateau was evident which was spread
across the whole study area (Fig. 2). This shows that at every geo-
graphic scale covered in this study, highly divergent species were co-
occurring. This supports the theory of cosmopolitanism in deep-sea
genera and families (Wilson and Hessler, 1987).
A conspicuous pattern that became apparent (Fig. 2) was a stepwise
distribution of the lower range of p-distances along the study transect:
small p-distances of up to 3% were distributed over a maximum range
of ~ 2200 km. Beyond the 3% threshold, a saltatory range shift became
apparent in the scatterplot (Fig. 2), with all distance pairs of up to 10%
being limited to geographic ranges below ca. 2800 km.
The range of 3–10% genetic distance in 16S can be considered a
“grey zone”, covering variation that is often still included in the cate-
gory of intraspeciﬁc variation, but considered interspeciﬁc divergence
in various isopods (see, e.g., Brix et al., in this issue; Brökeland and
Raupach, 2008; Held, 2003; Kaiser et al., in this issue; Raupach and
Wägele, 2006; Riehl and Brandt, 2013) amongst other crustaceans (e.g.,
Costa et al., 2007; Havermans et al., 2013; Matzen da Silva et al., 2011).
Specimens collected at stations> 3000 km apart have at least p-dis-
tances of 10%, reaching up to ~ 35% (Fig. 2), which is beyond the
range of intraspeciﬁc variation.
In this study, net between-group mean p-distances started at values
as low as 5% (absolute minimum of 4.6% between MLpap and ML08)
and peaked at 35.5% between ML24 and M. scotti (abs. max. 36.8%
between ML08 and ML16; see Electronic supplement 8). The mean in-
traspeciﬁc divergence varied between 0.1% p-distance in M. roaldi and
4.3% in both ML01 and ML08. Absolute values started at 0% and
reached up to 8.1% in ML08 (see Electronic supplements 6 and 7). This
overlap between intraspeciﬁc variation and interspeciﬁc divergence
shows that working with ﬁxed threshold values is inappropriate in
Macrostylidae. Nevertheless, the distribution of genetic distances is
interesting. The observed distribution of up to 3% genetic distance as a
conservative measure for intraspeciﬁc variability indicates that abyssal
macrostylids may have a distribution range of at least around 2200 km.
This range is increased to up to 2800 km when considering intraspeciﬁc
variability of up to>8% as identiﬁed for some species here (see
Supplement 7).
4.5. How can gene ﬂow be maintained over large geographic scales without
dispersal stage?
Macrostylid morphology seems to be streamlined for a fossorial
(digging) and ambulatory locomotion. The typical macrostylid body is
subcylindrical and elongate. Ventral spines and often slightly concave
ventrolateral sternites allow for leg movement close to the body as
required in a tubular or digging lifestyle. The three anterior pereonites
are fused (fossosome) and their pereopods modiﬁed for digging (Riehl,
2014; Riehl et al., 2014b). None of their appendages have surface-in-
creasing modiﬁcations that could represent natatory adaptations, such
as in the Munnopsidae or several Desmosomatidae (Hessler, 1993;
Hessler and Strömberg, 1989; Wilson, 1989; Wilson and Ahyong, 2015).
It is thus unlikely that active swimming behavior is responsible for
2000 km-scale distributions as observed here for this taxon.
Other taxa without swimming adaptations or dispersal stages, such
as harpacticoid copepods (Easton and Thistle, 2016; Menzel et al.,
2011) and nematodes (Bik et al., 2010; Lins et al., 2017) of the meio-
fauna, have been found distributed in unexpected scales before. In these
cases, erosion and passive drift with ocean-ﬂoor currents were assumed
as an explanation. Erosion is less likely in macrofauna organisms and
even more so in larger size classes. Nevertheless, for the benthic,
shallow-water isopod Septemserolis septemcarinata (Miers, 1875),
drifting on ﬂoating substrata such as macro algae, has been the best
explanation to explain long-distance dispersal (Leese et al., 2010).
While macrostylids lack strong grasping legs as much as they lack
swimming legs, relatively wide geographic and depth distributions
within a species have already been observed from the Antarctic shelf
(Riehl and Kaiser, 2012). It is possible that macrostylids actively make
use of currents by “walking” vertically into the water column. This type
of emergence (not to be confused with evolutionary emergence) has
been observed for deep-sea harpacticoids (Thistle et al., 2007) and
cumaceans (T. Riehl, personal observation) which both represent the
benthos.
Given that a relatively strong and steady bottom-water current ﬂows
eastward through the VTF (Eittreim and Ewing, 1975; Heezen et al.,
1964) and that the VTF represents an abyssal continuation (Devey
et al., in this issue), it may provide a potential connection between east
and west of the MAR (Bober et al., in this issue; Brix et al., 2015;
Guggolz et al., in this issue; Lins et al., 2017). Thus, a smaller degree of
dissimilarity between the two areas than found here (> 93%; see Table
S6 in the Electronic supplement 3) would be expected. In spionid and
polynoid polychaetes, widely distributed, “ubiquitous” species have
been identiﬁed that apparently make use of this channel to maintain
gene ﬂow between east and west (Guggolz et al., in this issue) resulting
in only insigniﬁcant diﬀerences between both sides. Also previous
studies on other benthic crustaceans without dispersal stage have sug-
gested passive transport via advection, for instance through fracture
Fig. 6. The Isolation By Distance (IBD) analysis performed on the IBD web server
(Bohonak, 2002).
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zones, as exchange routes between basins (Brix et al., 2015; Easton and
Thistle, 2016; Menzel et al., 2011). This mode of dispersal may explain
the trans-MAR occurrence of two macrostylid species (MLpap and
ML08).
4.6. Diversiﬁcation in the deep sea
At many studied abyssal sites, asellote isopods constitute one of the
numerically dominating macrofaunal (0.3–10 mm) taxa (Brandt et al.,
2017, 2015, 2013, 2007b, 2005; Poore and Wilson, 1993; Rex et al.,
1993; Wilson, 2008). They are also the most species-rich animal group
at hadal depths (Jamieson, 2015). Regularly, isopods encountered in
abyssal plains have their ovaries or brood pouches ﬁlled with eggs
(Elsner et al., 2013; Riehl and Brandt, 2013; Wilson, 1983) and we
observed this also in the hadal species ML25 (Kniesz et al., in this issue).
This indicates that isopods reproduce at abyssal as well as hadal depths
contradicting the source-sink hypothesis (Rex et al., 2005). Hence,
other factors should promote diﬀerentiation and eventually speciation
of this group at these depths.
We showed that macrostylid species can have unexpectedly large
distribution ranges. Yet, despite two species occurred on both sides of
the MAR, no evidence for continuous exchange of eastern and western
populations could be found. In MLpap, no haplotypes were shared be-
tween areas (Fig. 5) and signiﬁcant east-west diﬀerences were found in
the AMOVA. Also for ML08, no haplotype occurred on both sides of the
MAR and, furthermore, this widely distributed species that occurred
across thousands of kilometres at all eastern stations, was found with
one single specimen in the west. The latter specimen was genetically
distinct from the next two similar sequences by ten and 14 mutations
respectively (Fig. 5). Accordingly, despite shared species, dispersal of
macrostylids seems to be nevertheless impacted by the MAR. This is not
implausible because for genetic diﬀerentiation not a complete cut of
gene ﬂow would be required but already a reduction would be suﬃ-
cient (Bober et al., in this issue). Alternatively, diﬀerences in transat-
lantic distribution of this two group may be explained by the lack of a
dispersal stage (Janssen et al., 2015). Nevertheless, it should not be
overlooked that due to the scattered sampling providing these data,
sampling bias (small sample size) may play a role as well and it is
unclear how representative our samples were for the whole macrostylid
fauna of the region.
It is noteworthy that the two species with the widest distributions
(ML08 and MLpap) belong to a group of macrostylids which is char-
acterized by extreme sexual dimorphism (Riehl et al., 2012), where
adult males have elongated posterior walking legs that may potentially
increase the individual range by crawling or drifting (N. Heitland and T.
Riehl, unpublished data). Both species are characterized by these
adaptations, while ML25, likewise belonging to this clade (Electronic
supplement 5), lacks these modiﬁcations in the walking legs and was
found only with a very restricted distribution (Kniesz et al., in this
issue). In the trench however, ML25 haplotypes occurred well-mixed
throughout the four stations sampled indicating panmixia in this trench
population (Fig. 5).
Remarkably, the demographic patterns exposed by macrostylids do
not match the pattern of non-neutrality observed for various vent and
non-vent deep-sea taxa. Deviation from neutrality was explained with
demographic bottlenecks followed by expansions (demographic in-
stability), the prevalence of sweepstakes dispersal across patchy habi-
tats (high variance in reproductive success) or selective sweeps (posi-
tive selection) (Taylor and Roterman, 2017). Our data suggest that
suitable macrostylid habitats are persistent; complying with the as-
sumption of generalist ecologies for these isopods, and that demo-
graphic instability does not play a role in the evolution of macrostylids.
In comparison to swimming isopods (Bober et al., in this issue) and
generally to organisms with swimming capability or free larvae en-
dobenthic and digging organisms the range size observed here may be
small (Baco et al., 2016). Moreover, the connectivity-reducing eﬀect of
the MAR is likely stronger in macrostylids than in organisms with
greater motility (Bober et al., in this issue; Zardus et al., 2006). The
contribution of the diversiﬁcation factors analysed here, amongst
others, to actual speciation is this likely taxon speciﬁc.
4.7. Outlook
Most of the species collected here were represented by singletons or
few individuals only making statistical analyses not viable. Additional
sampling is thus required if we intend to test the applicability of the
patterns observed here for few species to the whole family.
Nevertheless, we found out that already on the scale of 1–2 km, sig-
niﬁcant population structure exists. With increasing geographic dis-
tance and across barriers, these diﬀerences become larger. In order to
evaluate scales relevant for genetic turnover, intensive sampling across
scales is needed. Using this method, also gradients, such as the depth
transition between abyss and hadal, could be studied.
This study is based almost solely on a mitochondrial marker. 16S
has been used for terminal clade phylogenetic inference (e.g., Brix
et al., in this issue; Kaiser et al., in this issue), to infer patterns of dif-
ferentiation in marine isopods (e.g., Held, 2003; Leese et al., 2008;
Raupach et al., 2014; Raupach and Wägele, 2006; Riehl and Kaiser,
2012), and it has been interpreted as replacement barcoding marker in
taxa where COI proved to be diﬃcult to amplify, for instance in Asellota
(Brökeland and Raupach, 2008; Raupach et al., 2007; Riehl et al.,
2014a; Riehl and Kaiser, 2012). Besides the advantages that the
mtDNA-speciﬁc inheritance brings for phylogeographic and phyloge-
netic studies (Hebert et al., 2003; Rubinoﬀ et al., 2005), there are clear
drawbacks. Amongst these, incomplete lineage sorting and introgres-
sion can cause distorted impressions of genetic structure and diversity
(Galtier et al., 2009; Rubinoﬀ et al., 2005). In order to avoid such po-
tential pitfalls, we used nDNA (18S) for comparison with 16S. Our 18S
data was limited, though, and future studies should combine the use of
mtDNA with comprehensive nuclear datasets.
5. Conclusions
The relationship between physical, ecological and physiological
isolating mechanisms and adaptations is reﬂected in the population
structure of a species (Zardus et al., 2006). The abyss is regularly seen
as an environment free of dispersal barriers (McClain and Hardy, 2010;
Menzel et al., 2011; Rex and Etter, 2010). Yet, despite the lack of ob-
vious isolating barriers, we identiﬁed strong genetic structure on a
variety of scales in Macrostylidae. Macrostylid isopods, as endobenthic
organisms (Hessler and Strömberg, 1989; Thistle and Wilson, 1996;
Wägele, 1989) that have no dispersal stage, are commonly considered
poor dispersers. Here we demonstrate that both statements have to be
carefully evaluated and cannot be generally applied to all fauna alike.
On the one hand, the distribution of species showed that macro-
stylids can have distribution ranges over 2000 km and across oceanic
ridges and trenches. Organisms that are apparently not adapted to ac-
tive long-distance dispersal must rely on passive drifting to maintain
gene ﬂow across large distances (Easton and Thistle, 2016; Leese et al.,
2010). There was, on the other hand, a clear signal for geographic
structure in community composition and haplotype distribution coin-
ciding with the east-west division of the Atlantic by the Mid Atlantic
Ridge, as well as with the abyss-hadal transition. Here, between these
only few species were shared and distant (across-areas) populations
were divergent. This supports the hypotheses that depth gradients as
well as oceanic ridges shape communities by reducing dispersal. Ad-
ditionally, due to positive associations between genetic- and geographic
distances within the only abundant macrostylid species ML08 as well as
in the whole Macrostylidae it appears that the vast size of the deep sea
itself is a factor responsible for creating diversity as hypothesized before
(Wilson and Hessler, 1987). However, a wide distribution was only
found for small subset of the species identiﬁed here. Most species were
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restricted to single sampling sites, one area, and one depth zone. While
this can be mostly explained with most species being rare in the samples
and sampling being scarce, there may be species-speciﬁc patterns of
distribution as well.
In conclusion, divergence could be identiﬁed across the MAR, depth
contours and distance. Together, ridges, depth zonation, and distance
may play a key role in the evolution of the deep-sea fauna, triggering
population diﬀerentiation and ultimately leading to speciation.
Acknowledgements
Captain and crew of RV Sonne are thanked for their commitment
during the expedition “Vema-TRANSIT” (SO237). Thanks are owed to
all people involved in EBS deployment and sample sieving and ﬁxation.
Especially Nils Brenke, Enrico Schwabe, Saskia Brix, Inmaculada
Frutos, Simon Bober, Nele Heitland, Katharina Kniesz, Ulrike Minzlaﬀ,
and several others kindly assisted with sample sorting and taking
voucher images during the expedition. The discussion of the distribu-
tion of genetic distances with Bernhard Hausdorf is kindly acknowl-
edged. The critical evaluation of this manuscript by two anonymous
reviewers is acknowledged as well because it led to an improved pub-
lication. The collections were conducted as part of the Vema-TRANSIT
(Bathymetry of the Vema-Fracture Zone and Puerto Rico TRench and
Abyssal AtlaNtic BiodiverSITy Study) project funded by the German
Federal Ministry (03G0237A).
Appendix A. Supplementary material
Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.dsr2.2017.10.005.
References
Anderson, M., Gorley, R.N., Clarke, R.K., 2008. Permanova+ for Primer: Guide to
Software and Statistical Methods.
Baco, A.R., Etter, R.J., Ribeiro, P.A., von der Heyden, S., Beerli, P., Kinlan, B.P., 2016. A
synthesis of genetic connectivity in deep-sea fauna and implications for marine re-
serve design. Mol. Ecol. 25, 3276–3298. http://dx.doi.org/10.1111/mec.13689.
Beliaev, G.M., 1989. In: Shirshov, P.P. (Ed.), Deep-sea Ocean Trenches and Their Fauna.
Nauka Publishing House, USSR Academy of Sciences, Institute of Oceanography,
Moscow.
Benson, D.A., Karsch-Mizrachi, I., Lipman, D.J., Ostell, J., Wheeler, D.L., 2008. GenBank.
Nucleic Acids Res. 36, D25–D30. http://dx.doi.org/10.1093/nar/gkm929.
Bik, H.M., Thomas, W.K., Lunt, D.H., Lambshead, P.J.D., 2010. Low endemism, continued
deep-shallow interchanges, and evidence for cosmopolitan distributions in free-living
marine nematodes (order Enoplida). BMC Evol. Biol. 10, 389. http://dx.doi.org/10.
1186/1471-2148-10-389.
Blankenship, L.E., Yayanos, A.A., Cadien, D.B., Levin, L.A., 2006. Vertical zonation pat-
terns of scavenging amphipods from the Hadal zone of the Tonga and Kermadec
Trenches. Deep Sea Res. Part Oceanogr. Res. Pap. 53, 48–61. http://dx.doi.org/10.
1016/j.dsr.2005.09.006.
Blankenship-Williams, L.E., Levin, L.A., 2009. Living deep: a synopsis of hadal trench
ecology. Mar. Technol. Soc. J. 43, 137–143. http://dx.doi.org/10.4031/MTSJ.43.
5.23.
Bober, S., Riehl, T., Brandt, A., 2017. Does the Mid-Atlantic Ridge aﬀect the distribution
of benthic crustaceans across the Atlantic Ocean? Deep-Sea Res. Part II Top. Stud.
Oceanogr (in this issue).
Bohonak, A.J., 2002. IBD (Isolation By Distance): a program for analyses of isolation by
distance. J. Hered. 93, 153–154. http://dx.doi.org/10.1093/jhered/93.2.153.
Brandt, A., Brenke, N., Andres, H.-G., Brix, S., Guerrero-Kommritz, J., Mühlenhardt-
Siegel, U., Wägele, J.-W., 2005. Diversity of peracarid crustaceans (Malacostraca)
from the abyssal plain of the Angola Basin. Org. Divers. Evol. 5, 105–112. http://dx.
doi.org/10.1016/j.ode.2004.10.007.
Brandt, A., Brix, S., Brökeland, W., Choudhury, M., Kaiser, S., Malyutina, M.V., 2007a.
Deep-sea isopod biodiversity, abundance, and endemism in the Atlantic sector of the
Southern Ocean—results from the ANDEEP I–III expeditions. Deep-Sea Res. Part II
54, 1760–1775.
Brandt, A., De Broyer, C., De Mesel, I., Ellingsen, K.E., Gooday, A.J., Hilbig, B., Linse, K.,
Thomson, M.R.A., Tyler, P.A., 2007b. The biodiversity of the deep Southern Ocean
benthos. Philos. Trans. R. Soc. B Biol. Sci. 362, 39–66. http://dx.doi.org/10.1098/
rstb.2006.1952.
Brandt, A., Kaiser, S., Devey, C.W., Arndt, H., Riehl, T., 2017. Introduction to the
bathymetry of the Vema-Fracture Zone and Puerto Rico TRench and Abyssal AtlaNtic
BiodiverSITy Study (Vema-TRANSIT). Deep Sea Res. Part II Top. Stud. Oceanogr (in
this issue).
Brandt, A., Elsner, N., Brenke, N., Golovan, O., Malyutina, M.V., Riehl, T., Schwabe, E.,
Würzberg, L., 2013. Epifauna of the Sea of Japan collected via a new epibenthic
sledge equipped with camera and environmental sensor systems. Deep Sea Res. Part II
Top. Stud. Oceanogr. 86–87, 43–55. http://dx.doi.org/10.1016/j.dsr2.2012.07.039.
Brandt, A., Elsner, N., Malyutina, M.V., Brenke, N., Golovan, O.A., Lavrenteva, A.V.,
Riehl, T., 2015. Abyssal macrofauna of the Kuril-Kamchatka trench area (northwest
paciﬁc) collected by means of a camera-epibenthic sledge. Deep Sea Res. Part II Top.
Stud. Oceanogr. 111, 175–187. http://dx.doi.org/10.1016/j.dsr2.2014.11.002.
Brandt, A., Frutos, I., Bober, S., Brix, S., Brenke, N., Guggolz, T., Heitland, N., Malyutina,
M., Minzlaﬀ, U., Riehl, T., Schwabe, E., Zinkann, A.-C., Linse, K., 2017. Composition
of abyssal macrofauna along the Vema Fracture Zone and the hadal Puerto Rico
Trench, northern tropical Atlantic. Deep Sea Res. Part II Top. Stud. Oceanogr. http://
dx.doi.org/10.1016/j.dsr2.2017.07.014. in this issue.
Brandt, A., Gooday, A.J., Brandão, S.N., Brix, S., Brökeland, W., Cedhagen, T.,
Choudhury, M., Cornelius, N., Danis, B., de Mesel, I., Diaz, R.J., Gillan, D.C., Ebbe, B.,
Howe, J.A., Janussen, D., Kaiser, S., Linse, K., Malyutina, M.V., Pawlowski, J.,
Raupach, M.J., Vanreusel, A., 2007c. First insights into the biodiversity and bio-
geography of the Southern Ocean deep sea. Nature 447, 307–311.
Brix, S., Bober, S., Tschesche, C., Kihara, T.C., Driskell, A.C., Jennings, R.M., 2017.
Molecular species delimitation and its implications for species descriptions using
desmosomatid and nannoniscid isopods from the Vema Fracture Zone as example
taxa. Deep Sea Res. Part II Top. Stud. Oceanogr (in this issue).
Brix, S., Leese, F., Riehl, T., Kihara, T.C., 2015. A new genus and new species of
Desmosomatidae Sars, 1897 (Isopoda) from the eastern South Atlantic abyss de-
scribed by means of integrative taxonomy. Mar. Biodivers. 45, 7–61. http://dx.doi.
org/10.1007/s12526-014-0218-3.
Brix, S., Riehl, T., Leese, F., 2011. First genetic data for species of the genus Haploniscus
Richardson, 1908 (Isopoda: Asellota: Haploniscidae) from neighbouring deep-sea
basins in the South Atlantic. Zootaxa 2838, 79–84.
Brix, S., Svavarsson, J., 2010. Distribution and diversity of desmosomatid and nanno-
niscid isopods (Crustacea) on the Greenland–Iceland–Faeroe Ridge. Polar Biol. 33,
515–530. http://dx.doi.org/10.1007/s00300-009-0729-8.
Brix, S., Svavarsson, J., Leese, F., 2014. A multi-gene analysis reveals multiple highly
divergent lineages of the isopod chelator insignis (Hansen, 1916) south of Iceland.
Pol. Polar Res. 35, 225–242.
Brökeland, W., Raupach, M.J., 2008. A species complex within the isopod genus
Haploniscus (Crustacea: malacostraca: Peracarida) from the Southern Ocean deep sea:
a morphological and molecular approach. Zool. J. Linn. Soc. 152, 655–706. http://
dx.doi.org/10.1111/j.1096-3642.2008.00362.x.
Clarke, K.R., Gorley, R.N., 2006. PRIMERv6: User Manual/Tutorial. PRIMER-E,
Plymouth.
Clement, M., Posada, D., Crandall, K.A., 2000. TCS: a computer program to estimate gene
genealogies. Mol. Ecol. 9, 1657–1659. http://dx.doi.org/10.1046/j.1365-294x.2000.
01020.x.
Costa, F.O., deWaard, J.R., Boutillier, J., Ratnasingham, S., Dooh, R.T., Hajibabaei, M.,
Hebert, P.D., 2007. Biological identiﬁcations through DNA barcodes: the case of the
Crustacea. Can. J. Fish. Aquat. Sci. 64, 272–295.
De Smet, B., Pape, E., Riehl, T., Bonifácio, P., Colson, L., Vanreusel, A., 2017. The com-
munity structure of deep-sea macrofauna associated with polymetallic nodules in the
eastern part of the Clarion-Clipperton Fracture Zone. Front. Mar. Sci. 4, 1–14. http://
dx.doi.org/10.3389/fmars.2017.00103.
Devey, C.W., 2015. RV SONNE Fahrtbericht/Cruise report SO237 Vema-TRANSIT.
GEOMAR Rep. 23, 130. http://dx.doi.org/10.3289/GEOMAR_REP_NS_23_2015.
Devey, C.W., Augustin, N., Brandt, A., Brenke, N., Köhler, J., Lins, L., Schmidt, C., Yeo,
I.A., 2017. Habitat characterization of the Vema Fracture Zone and Puerto Rico
Trench. Deep Sea Res. Part II Top. Stud. Oceanogr (in this issue).
Dreyer, H., Wägele, J.-W., 2001. Parasites of crustaceans (Isopoda: Bopyridae) evolved
from ﬁsh parasites: molecular and morphological evidence. ResearchGate 103,
157–178.
Easton, E.E., Thistle, D., 2016. Do some deep-sea, sediment-dwelling species of harpac-
ticoid copepods have 1000-km-scale range sizes? Mol. Ecol. 25, 4301–4318. http://
dx.doi.org/10.1111/mec.13744.
Ebbe, B., Billett, D.S.M., Ellingsen, K.E., Glover, A.G., Keller, S., Malyutina, M.V.,
Martinez Arbizu, P., Melodtsova, T., Rex, M.A., Smith, C.R., Tselepides, A., 2010.
Diversity of abyssal marine life. In: McIntyre, A.D. (Ed.), Life in the World's Oceans:
Diversity, Distribution, and Abundance. Blackwell Publishing Ltd., pp. 139–160.
http://dx.doi.org/10.1002/9781444325508.ch8.
Eilertsen, M.H., Malaquias, M.A.E., 2015. Speciation in the dark: diversiﬁcation and
biogeography of the deep-sea gastropod genus Scaphander in the Atlantic Ocean (n/a-
n/a). J. Biogeogr. http://dx.doi.org/10.1111/jbi.12471.
Eittreim, S., Ewing, J., 1975. Vema Fracture Zone transform fault. Geology 3, 555–558.
http://dx.doi.org/10.1130/0091-7613(1975)3<555:VFZTF>2.0.CO;2.
Elsner, N.O., Golovan, O.A., Malyutina, M.V., Brandt, A., 2013. Alone in the dark: dis-
tribution, population structure and reproductive mode of the dominant isopod
Eurycope spinifrons Gurjanova, 1933 (Isopoda: Asellota: Munnopsidae) from bathyal
and abyssal depths of the Sea of Japan. . Deep Sea Res. Part II Top. Stud. Oceanogr.
86–87, 103–110. http://dx.doi.org/10.1016/j.dsr2.2012.07.043.
Elsner, N.O., Malyutina, M.V., Golovan, O.A., Brenke, N., Riehl, T., Brandt, A., 2015. Deep
down: isopod biodiversity of the Kuril–Kamchatka abyssal area including a com-
parison with data of previous expeditions of the RV Vityaz. Deep Sea Res. Part II Top.
Stud. Oceanogr. 111, 210–219. http://dx.doi.org/10.1016/j.dsr2.2014.08.007.
Etter, R.J., Boyle, E.E., Glazier, A., Jennings, R.M., Dutra, E., Chase, M.R., 2011.
Phylogeography of a pan-Atlantic abyssal protobranch bivalve: implications for
evolution in the deep Atlantic. Mol. Ecol. 20, 829–843. http://dx.doi.org/10.1111/j.
1365-294X.2010.04978.x.
Etter, R.J., Rex, M.A., 1990. Population diﬀerentiation decreases with depth in deep-sea
T. Riehl et al. Deep-Sea Research Part II 148 (2018) 74–90
88
gastropods. Deep Sea Res. Part Oceanogr. Res. 37, 1251–1261. http://dx.doi.org/10.
1016/0198-0149(90)90041-S.
Eustace, R.M., Ritchie, H., Kilgallen, N.M., Piertney, S.B., Jamieson, A.J., 2016.
Morphological and ontogenetic stratiﬁcation of abyssal and hadal Eurythenes gryllus
sensu lato (Amphipoda: Lysianassoidea) from the Peru-Chile Trench. Deep Sea Res.
Part Oceanogr. Res. Pap.
Excoﬃer, L., Smouse, P.E., Quattro, J.M., 1992. Analysis of molecular variance inferred
from metric distances among DNA haplotypes: application to human mitochondrial
DNA restriction data. Genetics 131, 479–491.
Felsenstein, J., 1985. Conﬁdence limits on phylogenies: an approach using the bootstrap.
Evolution 783–791.
France, S.C., Kocher, T.D., 1996. Geographic and bathymetric patterns of mitochondrial
16S rRNA sequence divergence among deep-sea amphipods, Eurythenes gryllus. Mar.
Biol. 126, 633–643. http://dx.doi.org/10.1007/BF00351330.
Galtier, N., Nabholz, B., Glémin, S., Hurst, G.D.D., 2009. Mitochondrial DNA as a marker
of molecular diversity: a reappraisal. Mol. Ecol. 18, 4541–4550.
George, R.Y., Higgins, R.P., 1979. Eutrophic hadal benthic community in the Puerto Rico
Trench. Ambio Spec. Rep. 51–58.
Guggolz, T., Lins, L., Meißner, K., Brandt, A., 2017. Biodiversity and distribution of
polychaetes (Annelida) in the Vema Fracture Zone. Deep Sea Res. Part II Top. Stud.
Oceanogr (in this issue).
Guindon, S., Lethiec, F., Duroux, P., Gascuel, O., 2005. PHYML online—a web server for
fast maximum likelihood-based phylogenetic inference. Nucleic Acids Res. 33,
W557–W559.
Hansen, H.J., 1916. Crustacea Malacostraca: the order Isopoda. Dan. Ingolf Exped. 3,
1–262.
Hardy, S.M., Smith, C.R., Thurnherr, A.M., 2015. Can the source–sink hypothesis explain
macrofaunal abundance patterns in the abyss? A modelling test. Proc. R. Soc. Lond. B
Biol. Sci. 282, 20150193. http://dx.doi.org/10.1098/rspb.2015.0193.
Havermans, C., Sonet, G., d’Udekem d’Acoz, C., Nagy, Z.T., Martin, P., Brix, S., Riehl, T.,
Agrawal, S., Held, C., 2013. Genetic and morphological divergences in the cosmo-
politan deep-sea amphipod Eurythenes gryllus reveal a diverse abyss and a bipolar
species. PLoS One 8, e74218. http://dx.doi.org/10.1371/journal.pone.0074218.
Hebert, P.D.N., Cywinska, A., Ball, S.L., deWaard, J.R., 2003. Biological identiﬁcations
through DNA barcodes. Proc. R. Soc. Lond. B Biol. Sci. 270, 313–321.
Heezen, B.C., Gerard, R.D., Tharp, M., 1964. The Vema Fracture Zone in the equatorial
Atlantic. J. Geophys. Res. 69, 733–739.
Held, C., 2003. Molecular evidence for cryptic speciation within the widespread Antarctic
crustacean Ceratoserolis trilobitoides (Crustacea, Isopoda). Antarct. Biol. Glob. Context
135–139.
Hessler, R.R., 1993. Swimming morphology in Eurycope cornuta (Isopoda, Asellota). J.
Crustac. Biol. 13, 667–674. http://dx.doi.org/10.1163/193724093X00237.
Hessler, R.R., Sanders, H.L., 1967. Faunal diversity in the deep sea. Deep Sea Res.
Oceanogr. Abstr. 14, 65–70. http://dx.doi.org/10.1016/0011-7471(67)90029-0.
Hessler, R.R., Strömberg, J.O., 1989. Behavior of janiroidean isopods (Asellota), with
special reference to deep sea genera. Sarsia 74, 145–159.
Hessler, R.R., Wilson, G.D.F., Thistle, D., 1979. The deep-sea isopods: a biogeographic and
phylogenetic overview. Sarsia 64, 67–75.
Jamieson, A., 2015. The Hadal Zone: Life in the Deepest Oceans. Cambridge University
Press, Cambridge.
Jamieson, A.J., 2001. Ecology of deep oceans: hadal trenches. In: ELS. John Wiley & Sons,
Ltd.
Janssen, A., Kaiser, S., Meißner, K., Brenke, N., Menot, L., Martínez Arbizu, P., 2015. A
reverse taxonomic approach to assess macrofaunal distribution patterns in abyssal
Paciﬁc polymetallic nodule ﬁelds. PLoS One 10, e0117790. http://dx.doi.org/10.
1371/journal.pone.0117790.
Jennings, R.M., Etter, R.J., Ficarra, L., 2013. Population diﬀerentiation and species for-
mation in the deep sea: the potential role of environmental gradients and depth. PLoS
One 8, e77594. http://dx.doi.org/10.1371/journal.pone.0077594.
Jensen, J.L., Bohonak, A.J., Kelley, S.T., 2005. Isolation by distance, web service. BMC
Genet. 6, 13. http://dx.doi.org/10.1186/1471-2156-6-13.
Johnson, M., Zaretskaya, I., Raytselis, Y., Merezhuk, Y., McGinnis, S., Madden, T.L., 2008.
NCBI BLAST: a better web interface. Nucleic Acids Res. 36, W5–W9. http://dx.doi.
org/10.1093/nar/gkn201.
Kaiser, S., Brix, S., Kihara, T.C., Janssen, A., Jennings, R.M., 2017. Integrative species
delimitation in the deep-sea genus Thaumastosoma Hessler, 1970 (Isopoda, Asellota,
Nannoniscidae) reveals a new genus and species from the Atlantic and central Paciﬁc
abyss. Deep Sea Res. Part II Top. Stud. Oceanogr (in this issue).
Katoh, K., Asimenos, G., Toh, H., 2009. Multiple alignment of DNA sequences with
MAFFT. Bioinforma. DNA Seq. Anal. Methods Mol. Biol. 537, 39–64. http://dx.doi.
org/10.1007/978-1-59745-251-9_3.
Katoh, K., Misawa, K., Kuma, K., Miyata, T., 2002. MAFFT: a novel method for rapid
multiple sequence alignment based on fast Fourier transform. Nucleic Acids Res. 30,
3059–3066. http://dx.doi.org/10.1093/nar/gkf436.
Katoh, K., Standley, D.M., 2013. MAFFT multiple sequence alignment software version 7:
improvements in performance and usability. Mol. Biol. Evol. 30, 772–780. http://dx.
doi.org/10.1093/molbev/mst010.
Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock, S., Buxton, S.,
Cooper, A., Markowitz, S., Duran, C., others, 2012. Geneious basic: an integrated and
extendable desktop software platform for the organization and analysis of sequence
data. Bioinformatics 28, 1647–1649.
Kitahashi, T., Kawamura, K., Kojima, S., Shimanaga, M., 2013. Assemblages gradually
change from bathyal to hadal depth: a case study on harpacticoid copepods around
the Kuril Trench (north-west Paciﬁc Ocean). Deep Sea Res. Part Oceanogr. Res. Pap.
74, 39–47.
Kniesz, K., Brandt, A., Riehl, T., 2017. Peritrich ciliate epibionts on the new hadal isopod
species Macrostylis marionae from the Puerto Rico Trench as an indicator for sex-
speciﬁc behaviour. Deep-Sea Res. Part II Top. Stud. Oceanogr (in this issue).
Leese, F., Agrawal, S., Held, C., 2010. Long-distance island hopping without dispersal
stages: transportation across major zoogeographic barriers in a Southern Ocean
isopod. Naturwissenschaften 97, 583–594. http://dx.doi.org/10.1007/s00114-010-
0674-y.
Leese, F., Kop, A., Wägele, J.-W., Held, C., 2008. Cryptic speciation in a benthic isopod
from Patagonian and Falkland Island waters and the impact of glaciations on its
population structure. Front. Zool. 5, 19. http://dx.doi.org/10.1186/1742-9994-5-19.
Leigh, J.W., Bryant, D., 2015. Popart: full-feature software for haplotype network con-
struction (n/a-n/a). Methods Ecol. Evol. http://dx.doi.org/10.1111/2041-210X.
12410.
Levin, L.A., Etter, R.J., Rex, M.A., Gooday, A.J., Smith, C.R., Pineda, J., Stuart, C.T.,
Hessler, R.R., Pawson, D., 2001. Environmental inﬂuences on regional deep-sea
species diversity. Annu. Rev. Ecol. Syst. 32, 51–93. http://dx.doi.org/10.1146/
annurev.ecolsys.32.081501.114002.
Lins, L., da Silva, M.C., Neres, P., Esteves, A.M., Vanreusel, A., 2017. Testing deep-sea
biodiversity paradigms on abyssal nematode genera and Acantholaimus species. Deep
Sea Res. Part II Top. Stud. Oceanogr. http://dx.doi.org/10.1016/j.dsr2.2016.12.005.
in this issue.
Lins, L., Leliaert, F., Riehl, T., Ramalho, S., Cordova, E., Esteves, A.M., Vanreusel, A.,
2017. Species variability and connectivity in the deep sea: evaluating eﬀects of
spatial heterogeneity and hydrodynamic eﬀects. Biogeosciences 14, 651–669. http://
dx.doi.org/10.5194/bg-14-651-2017.
Louden, K.E., White, R.S., Potts, C.G., Forsyth, D.W., 1986. Structure and seismotectonics
of the Vema Fracture Zone, Atlantic Ocean. J. Geol. Soc. 143, 795–805.
Masters, B.C., Fan, V., Ross, H.A., 2011. Species delimitation – a geneious plugin for the
exploration of species boundaries. Mol. Ecol. Resour. 11, 154–157. http://dx.doi.org/
10.1111/j.1755-0998.2010.02896.x.
Matzen da Silva, J., Creer, S., dos Santos, A., Costa, A.C., Cunha, M.R., Costa, F.O.,
Carvalho, G.R., 2011. Systematic and evolutionary insights derived from mtDNA COI
barcode diversity in the Decapoda (Crustacea: Malacostraca). PLoS One 6, e19449.
http://dx.doi.org/10.1371/journal.pone.0019449.
McClain, C.R., Hardy, S.M., 2010. The dynamics of biogeographic ranges in the deep sea.
Proc. R. Soc. B Biol. Sci. 277, 3533–3546. http://dx.doi.org/10.1098/rspb.2010.
1057.
McClain, C.R., Schlacher, T.A., 2015. On some hypotheses of diversity of animal life at
great depths on the sea ﬂoor. Mar. Ecol. 1–24. http://dx.doi.org/10.1111/maec.
12288.
McGinnis, S., Madden, T.L., 2004. BLAST: at the core of a powerful and diverse set of
sequence analysis tools. Nucleic Acids Res. 32, W20–W25. http://dx.doi.org/10.
1093/nar/gkh435.
Menzel, L., George, K.H., Arbizu, P.M., 2011. Submarine ridges do not prevent large-scale
dispersal of abyssal fauna: a case study of Mesocletodes (Crustacea, Copepoda,
Harpacticoida). Deep Sea Res. Part Oceanogr. Res. Pap. 58, 839–864. http://dx.doi.
org/10.1016/j.dsr.2011.05.008.
Meyer-Löbbecke, A., Brandt, A., Brix, S., 2014. Diversity and abundance of deep-sea
Isopoda along the Southern Polar Front: results from the SYSTCO I and II expeditions.
Deep Sea Res. Part II Top. Stud. Oceanogr. SI: South. Ocean Deep Sea–A Benthic View
Pelagic Process. 108, 76–84. http://dx.doi.org/10.1016/j.dsr2.2014.06.006.
Miers, E.J., 1875. VI.—descriptions of new species of Crustacea collected at Kerguelen's
Island by the Rev. A.E. Eaton. Ann. Mag. Nat. Hist. 16, 73–76. http://dx.doi.org/10.
1080/00222937508681124.
Morozov, E.G., Tarakanov, R.Y., Makarenko, N.I., 2015. Flows of Antarctic bottom water
through fractures in the southern part of the North Mid-Atlantic Ridge. Oceanology
55, 796–800.
Poore, G.C.B., Wilson, G.D.F., 1993. Marine species richness. Nature 361, 597–598.
Posada, D., Crandall, K.A., 2001. Intraspeciﬁc gene genealogies: trees grafting into net-
works. Trends Ecol. Evol. 16, 37–45. http://dx.doi.org/10.1016/S0169-5347(00)
02026-7.
Ramirez-Llodra, E., Brandt, A., Danovaro, R., De Mol, B., Escobar, E., German, C.R., Levin,
L.A., Martinez Arbizu, P., Menot, L., Buhl-Mortensen, P., Narayanaswamy, B.E.,
Smith, C.R., Tittensor, D.P., Tyler, P.A., Vanreusel, A., Vecchione, M., 2010. Deep,
diverse and deﬁnitely diﬀerent: unique attributes of the world's largest ecosystem.
Biogeosciences 7, 2851–2899. http://dx.doi.org/10.5194/bg-7-2851-2010.
Raupach, M.J., Bininda-Emonds, O.R.P., Knebelsberger, T., Laakmann, S., Pfaender, J.,
Leese, F., 2014. Phylogeographical analysis of Ligia oceanica (Crustacea: isopoda)
reveals two deeply divergent mitochondrial lineages: phylogeography of Ligia ocea-
nica (n/a-n/a). Biol. J. Linn. Soc. http://dx.doi.org/10.1111/bij.12254.
Raupach, M.J., Malyutina, M.V., Brandt, A., Wägele, J.-W., 2007. Molecular data reveal a
highly diverse species ﬂock within the munnopsoid deep-sea isopod Betamorpha fu-
siformis (Barnard, 1920) (Crustacea: Isopoda: Asellota) in the Southern Ocean. Deep
Sea Res. Part II Top. Stud. Oceanogr. 54, 1820–1830. http://dx.doi.org/10.1016/j.
dsr2.2007.07.009.
Raupach, M.J., Mayer, C., Malyutina, M.V., Wägele, J.-W., 2009. Multiple origins of deep-
sea Asellota (Crustacea: Isopoda) from shallow waters revealed by molecular data.
Proc. R. Soc. B Biol. Sci. 276, 799–808. http://dx.doi.org/10.1098/rspb.2008.1063.
Raupach, M.J., Wägele, J.-W., 2006. Distinguishing cryptic species in Antarctic Asellota
(Crustacea: isopoda) – a preliminary study of mitochondrial DNA in Acanthaspidia
drygalskii. Antarct. Sci. 18, 191–198.
Rex, M.A., Etter, R.J., 2010. Deep-sea Biodiversity: Pattern and Scale. Harvard University
Press, Cambridge, MA; London.
Rex, M.A., McClain, C.R., Johnson, N.A., Etter, R.J., Allen, J.A., Bouchet, P., Warén, A.,
2005. A source-sink hypothesis for abyssal biodiversity. Am. Nat. 165, 163–178.
Rex, M.A., Stuart, C.T., Hessler, R.R., Allen, J.A., Sanders, H.L., Wilson, G.D.F., 1993.
Global-scale latitudinal patterns of species diversity in the deep-sea benthos. Nature
T. Riehl et al. Deep-Sea Research Part II 148 (2018) 74–90
89
365, 636–639.
Richardson, M.D., Briggs, K.B., Bowles, F.A., Tietjen, J.H., 1995. A depauperate benthic
assemblage from the nutrient-poor sediments of the Puerto Rico Trench. Deep Sea
Res. Part Oceanogr. Res. Pap. 42, 351–364. http://dx.doi.org/10.1016/0967-
0637(95)00007-S.
Riehl, T., 2014. A Phylogenetic Approach to the Classiﬁcation of Macrostylid Isopods and
Faunal Linkages Between the Deep Sea and Shallow-water Environments
(Dissertation). University of Hamburg, Hamburg, Germany.
Riehl, T., Bober, S., Lins, L., Brandt, A., 2017. Vema-TRANSIT Macrostylidae. Mendeley
Datasets. http://dx.doi.org/10.17632/dv6nwfdzkv.2.
Riehl, T., Bober, S., Voltski, I., Malyutina, M.V., Brandt, A., 2016. Caught in the act: an
abyssal isopod collected while feeding on Komokiaceae. Mar. Biodivers. 1–2. http://
dx.doi.org/10.1007/s12526-016-0606-y.
Riehl, T., Brandt, A., 2013. Southern Ocean Macrostylidae reviewed with a key to the
species and new descriptions from Maud Rise. Zootaxa 3692, 160–203. http://dx.doi.
org/10.11646/zootaxa.3692.1.10.
Riehl, T., Brandt, A., 2010. Descriptions of two new species in the genus Macrostylis Sars,
1864 (Isopoda, Asellota, Macrostylidae) from the Weddell Sea (Southern Ocean),
with a synonymisation of the genus Desmostylis Brandt, 1992 with Macrostylis.
Zookeys 57, 9–49. http://dx.doi.org/10.3897/zookeys.57.310.
Riehl, T., Brenke, N., Brix, S., Driskell, A., Kaiser, S., Brandt, A., 2014a. Field and la-
boratory methods for DNA studies on deep-sea isopod crustaceans. Pol. Polar Res. 35,
205–226. http://dx.doi.org/10.2478/popore-2014-0018.
Riehl, T., Kaiser, S., 2012. Conquered from the deep sea? A new deep-sea isopod species
from the Antarctic shelf shows pattern of recent colonization. PLoS One 7, e49354.
http://dx.doi.org/10.1371/journal.pone.0049354.
Riehl, T., Wilson, G.D.F., Hessler, R.R., 2012. New Macrostylidae Hansen, 1916
(Crustacea: Isopoda) from the Gay Head‐Bermuda transect with special consideration
of sexual dimorphism. Zootaxa 3277, 1–26.
Riehl, T., Wilson, G.D.F., Malyutina, M.V., 2014b. Urstylidae – a new family of deep-sea
isopods and its phylogenetic implications. Zool. J. Linn. Soc. 170, 245–296. http://
dx.doi.org/10.1111/zoj.12104.
Rubinoﬀ, D., Holland, B.S., Savolainen, V., 2005. Between two extremes: mitochondrial
DNA is neither the Panacea nor the Nemesis of phylogenetic and taxonomic in-
ference. Syst. Biol. 54, 952–961. http://dx.doi.org/10.1080/10635150500234674.
Sanders, H.L., 1968. Marine benthic diversity: a comparative study. Am. Nat. 243–282.
Sars, G.O., 1864. Om en anomal Gruppe af Isopoder. Forh. Vidensk.-Selsk. Anar 1863
Christ. 205–221.
Schmidt, C., Lins, L., Wolf, W.E., Martinez Arbizu, P., Brandt, A., 2017. Meiofauna
communities in the Vema Fracture Zone and in the Puerto Rico trench. Deep-Sea Res.
Part II Top. Stud. Oceanogr (in this issue).
Schnurr, S., Brandt, A., Brix, S., Fiorentino, D., Malyutina, M., Svavarsson, J., 2014.
Composition and distribution of selected munnopsid genera (Crustacea, Isopoda,
Asellota) in Icelandic waters. Deep Sea Res. Part I Oceanogr. Res. Pap. 84, 142–155.
http://dx.doi.org/10.1016/j.dsr.2013.11.004.
Schüller, M., 2010. Evidence for a role of bathymetry and emergence in speciation in the
genus Glycera. Polar Biol. 34, 549–564. http://dx.doi.org/10.1007/s00300-010-
0913-x.
Schüller, M., Hutchings, P.A., 2012. New species of Terebellides (Polychaeta:
Trichobranchidae) indicate long-distance dispersal between western South Atlantic
deep-sea basins. Zootaxa 3254, 1–31.
Smith, C.R., Drazen, J., Mincks, S.L., 2006. Deep-sea biodiversity and biogeography:
perspectives from the abyss. In: International Seabed Authority Seamount
Biodiversity Symposium.
Tajima, F., 1989. Statistical method for testing the neutral mutation hypothesis by DNA
polymorphism. Genetics 123, 585–595.
Tamura, K., Stecher, G., Peterson, D., Filipski, A., Kumar, S., 2013. MEGA6: molecular
evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30, 2725–2729.
Taylor, M.L., Roterman, C.N., 2017. Invertebrate population genetics across Earth's lar-
gest habitat: the deep-sea ﬂoor (n/a-n/a). Mol. Ecol. http://dx.doi.org/10.1111/mec.
14237.
Ten Brink, U.S., Danforth, W.W., Polloni, C., Andrews, B., Llanes, P., Smith, S.V., Parker,
E., Uozumi, T., 2004. New seaﬂoor map of the Puerto Rico Trench helps assess
earthquake and tsunami hazards. Eos 85, 349–354.
Thistle, D., 2003. The deep-sea ﬂoor: an overview. Ecosyst. World 5–38.
Thistle, D., Sedlacek, L., Carman, K.R., Fleeger, J.W., Barry, J.P., 2007. Emergence in the
deep sea: evidence from harpacticoid copepods. Deep Sea Res. Part Oceanogr. Res.
Pap. 54, 1008–1014.
Thistle, D., Wilson, G.D.F., 1996. Is the HEBBLE isopod fauna hydrodynamically mod-
iﬁed? A second test. Deep-Sea Res. Part I 43, 545–554.
Thistle, D., Wilson, G.D.F., 1987. A hydrodynamically modiﬁed, abyssal isopod fauna.
Deep-Sea Res. Part Oceanogr. Res. Pap. 34, 73–87. http://dx.doi.org/10.1016/0198-
0149(87)90123-3.
Tietjen, J.H., Deming, J.W., Rowe, G.T., Macko, S., Wilke, R.J., 1989. Meiobenthos of the
hatteras abyssal plain and Puerto Rico trench: abundance, biomass and associations
with bacteria and particulate ﬂuxes. Deep Sea Res. Part Oceanogr. Res. Pap. 36,
1567–1577. http://dx.doi.org/10.1016/0198-0149(89)90058-7.
Tsang, L.M., Chan, B.K.K., Shih, F.-L., Chu, K.H., Allen Chen, C., 2009. Host-associated
speciation in the coral barnacle Wanella milleporae (Cirripedia: Pyrgomatidae) in-
habiting the Millepora coral. Mol. Ecol. 18, 1463–1475. http://dx.doi.org/10.1111/j.
1365-294X.2009.04090.x.
Wägele, J.-.W., 1989. Evolution und phylogenetisches System der Isopoda: Stand der
Forschung und neue Erkenntnisse [Evolution and phylogeny of isopods. New data
and the state of aﬀairs]. Zoologica. E. Schweizerbart’sche Verlagsbuchhandlung,
Stuttgart.
Watling, L., Guinotte, J., Clark, M.R., Smith, C.R., 2013. A proposed biogeography of the
deep ocean ﬂoor. Prog. Oceanogr. 111, 91–112. http://dx.doi.org/10.1016/j.pocean.
2012.11.003.
Wilson, G.D.F., 2008. Local and regional species diversity of benthic Isopoda (Crustacea)
in the deep Gulf of Mexico. Deep-Sea Res. Part II Topol. Stud. Oceanogr. 55,
2634–2649. http://dx.doi.org/10.1016/j.dsr2.2008.07.014.
Wilson, G.D.F., 1999. Some of the deep-sea fauna is ancient. Crustaceana 72, 1019–1030.
Wilson, G.D.F., 1989. A Systematic Revision of the Deep-sea Subfamily Lipomerinae of
the Isopod Ccrustacean Family Munnopsidae, Bulletin of the Scripps Institution of
Oceanography. University of California Press, Berkley, Los Angeles, London.
Wilson, G.D.F., 1983. Variation in the deep-sea isopod Eurycope iphthima (Asellota,
Eurycopidae): depth related clines in rostral morphology and in population structure.
J. Crustac. Biol. 3, 127–140.
Wilson, G.D.F., Ahyong, S.T., 2015. Lifestyles of the species-rich and fabulous: the deep-
sea crustaceans. Lifestyles Feed. Biol. 279.
Wilson, G.D.F., Hessler, R.R., 1987. Speciation in the deep sea. Annu. Rev. Ecol. Syst. 18,
185–207.
Wolﬀ, T., 1975. Deep-sea Isopoda from the Caribbean Sea and the Puerto-Rico Trench.
100. Instituta Okeanol, Moscow, pp. 215–232.
Wolﬀ, T., 1959. The hadal community, an introduction. Deep Sea Res. 1953 (6), 95–124.
http://dx.doi.org/10.1016/0146-6313(59)90063-2.
Wright, S., 1943. Isolation by distance. Genetics 28, 114–138.
Zardus, J.D., Etter, R.J., Chase, M.R., Rex, M.A., Boyle, E.E., 2006. Bathymetric and
geographic population structure in the pan-Atlantic deep-sea bivalve Deminucula
atacellana (Schenck, 1939). Mol. Ecol. 15, 639–651. http://dx.doi.org/10.1111/j.
1365-294X.2005.02832.x.
Zhang, J., Kapli, P., Pavlidis, P., Stamatakis, A., 2013. A general species delimitation
method with applications to phylogenetic placements. Bioinformatics 29,
2869–2876. http://dx.doi.org/10.1093/bioinformatics/btt499.
T. Riehl et al. Deep-Sea Research Part II 148 (2018) 74–90
90
